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INTRODUZIONE 


Parole inaugurali 


DI 


GIOVANNI POLVANI 


Presidente della Società Italiana di Fisica 


La Scuola Internazionale di Fisica della Società Italiana di Fisica si pre- 
senta a Villa Monastero a Varenna, quest’anno, sesto dalla sua fondazione, 
con quattro Corsi successivi che rispettivamente riguardano il primo la Fisica 
del plasma e le relative applicazioni ai problemi d’Astrofisica, il secondo la 
Teoria della informazione sotto i suoi vari aspetti fisici, matematici e appli- 
| cativi, il terzo i Problemi matematici della Teoria quantistica delle particelle 
e dei campi, e il quarto infine la Fisica dei mesoni. 

In totale sono quest’anno ben sessanta giorni di scuola su quattro grossi 
temi della nostra disciplina. 

L’aumento del numero dei Corsi e l’aver esaurito qualsiasi disponibilità dei 
posti pur di contentare il numero massimo dei postulanti, hanno portato che 
lo sforzo organizzativo e finanziario che la nostra Società sostiene quest'anno 
è veramente notevolissimo. Esso però corrisponde sia alla esigenza di affinare 
la preparazione dei giovani migliori nelle questioni che più urgono attual- 
‘mente in Fisica, sia anche alle numerose sollecitazioni pervenute dall’Italia 
e dall’estero. 

In realtà questi nostri corsi di Fisica a Varenna sono divenuti un impegno 
morale della nostra Società non solo di fronte al nostro paese, ma anche di 
fronte a tutti coloro che nel mondo si dànno agli studi di Fisica. 

E mi è oltremodo gradito dichiarare che non sarebbe stato possibile, nè 
sarebbe possibile sostenere questo sforzo senza l’aiuto di vari Enti che qui 
desidero nominare per esprimere loro la gratitudine della Società Italiana di 
Fisica e di coloro che partecipano quest’anno alla attività della Scuola Inter- 
nazionale di Fisica di Varenna. 

Ricorderò anzitutto il Ministero della Pubblica Istruzione-e per esso il 
Ministro prof. A. Moro e il Direttore Generale per l'Istruzione superiore dottor 
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Marto Dt Domizio; il Consiglio Nazionale delle Ricerche e per esso il suo Presi- 
dente prof. F. GIORDANI e il Presidente del Comitato Nazionale per la Fisica 
prof. E. PERUCCA; il Comitato Nazionale per le Ricerche Nucleari e per esso 
il Presidente prof. sen. B. FOCACCIA e il Segretario generale prof. F. IPPOLITO; 
la Prefettura di Como e il suo prefetto dott. G. BIANCHI DI LAVAGNA; il Co- 
mune di Varenna e il Sindaco sig. A. TANTARDINI; l’Università di Milano e 
il suo Rettore prof. G. DE FRANCESCO; l’Università di Napoli e il suo Rettore 
prof. E. PONTIERI; la Radio Italiana e il suo Presidente prof. A. CARRELLI; 
la Moto Guzzi di Mandello sul Lario, il suo Presidente dott. E. PARODI e il 
Consigliere delegato dott. G. BONELLI; la Società Badoni di Lecco e il suo 
Presidente ing. G. BADONI; la Società Caleotto di Lecco e il suo Presidente 
comm. E. BonAITI; la Società Serpentino Italiana di Lecco e il suo Presidente 
on. sen. P. AMIGONI; la Società Fabbrica Italiana Lampadine Elettriche di 
Lecco e il suo Presidente comm. L. BUTTI; la Società Metalgraf di Lecco e il 
suo Presidente cav. E. BIFFI; la Società Orobia e il Direttore della Sezione di 
Lecco ing. V. ZoccoLINI; la Condor di Milano e il suo Consigliere delegato 
dott. M. Mortara; ed inoltre, ciò che è molto significativo, la Fondazione 
Ford di New York, il suo Segretario J. M. MCDANIEL jr. e il prof. J. A. WHEELER 
che tanto si è interessato alla nostra Scuola e al suo sviluppo; l’Institute of 
Technology di Cambridge del Massachusetts; la Plasmadyne Corporation di 
Santa Ana (Cal.) e il suo Vicepresidente dott. A. C. DUCATI; l’Ente Villa Mona- 
stero, così saggiamente retto dall'avv. G. Bosisto di Como e infine, anche se 
nominati per ultimi, non davvero ultimi nella collaborazione, la Casa Zani- 
chelli e il suo Direttore generale dott. E. DELLA MONICA che tanto fanno per 
le pubblicazioni degli atti di questi Corsi varennini. 


*o* * 


Restringendomi ora a considerare il Corso che oggi si inaugura e che, primo 
di quest'anno e sesto dall’inizio dei Corsi avvenuto nel 1953, tratta — come 
ho detto — della Fisica del plasma, un ringraziamento di vero cuore va anzi- 
tutto al prof. G. RIGHINI, Direttore dell’Osservatorio Astrofisico di Arcetri a 
Firenze, organizzatore appassionato è va'ente del Corso e Direttore del Corso 
stesso; e oltre che a lui va ai vari professori che hanno accolto il nostro invito 
e sono venuti qui a Varenna a far partecipi i loro ascoltatori del proprio sapere. 


Essi sono: L. BIERMANN di Gôttingen, V. FERRARO di London, R. GALLET di 
Boulder, Colo., A. GILARDINI di Roma, R. G. GIOVANELLI di Sydney, T. GoLD 
di Cambridge, Mass., H. C. VAN DE HULST di Leiden, C. DE JAGER di Utrecht, 
K. O. KIEPENHEUER di Freiburg im Breisgau, B. LEHNERT di Stockholm, 
J. G. LINHART di Genève, SCHATZMAN di Paris e P. C. THONEMANN di Harwell. 


Gli allievi ammessi al Corso sono ben cinquantauno; ai quali anche que- 
‘ , Ale AT OUI 
st’anno, debbono aggiungersi gli uditori. Permettete che, seguendo un’usanza, 
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stabilita fin dal primo Corso, io li nomini tutti, in modo da presentarli reci- 


procamente tra loro e ai maestri. 
Ecco gli allievi: U. AscoLI BARTOLI di Roma, P. Avivi di Jerusalem, R. 


. BALESCU di Bruxelles, G. BARSANTI di Pisa, G. C. BONAzZOLA di Torino, C. M. 


BRAAMS di Utrecht, B. BRUNELLI di Roma, E. CANOBBIO di Milano, D. CATTANI 
di Bologna, R. Crocr di Milano, L. DAvis jr. di Gôttingen, V. DE SABBATA 
di Bologna, T. EL-KHALAFAWI di Aachen, E. G. FoRBEs di Firenze, M. GALLI 
di Bologna, A. GrBson di Harwell, G. GopoLI di Firenze, G. GOLDSTEIN di Paris, 
M. GUTMANN di Paris, M. HACK di Merate, R. E. HARRISON di Harwell, J. HEID- 
MANN di Neuilly, H. KEVER di Aachen, R. KIPPENHAHN di Gottingen, C. T. 
JACOBSEN di Trondheim, Z. JANKOvI6 di Zagreb, D. LA Roy di Amsterdam, W. 
Linpt di Berne, E. LÜSCHER di Lausanne, R. LÜST di Gôttingen, F. MAGI- 
STRELLI di Roma, D. W. MAHAFFEY di Belfast G. MEISTER di Bonn, L. MUSU- 
MECI di Livorno, G. Noct di Firenze, D. Orpts di Amstelveen, D. D. REAGAN 
di Oxford, M. RIGUTTI di Firenze, P. ROTHWELL di London, K. SCHINDLER di 
Aachen, F. R. ScHWwARZL di Delft, S. SEGRE di Roma, A. H. SILLESEN di 
Copenhagen, P. Sona di Milano, P. STURROCK di Genève, N. TALINI di Livorno, 
J. C. TERLOUW di Utrecht, H. TREFALL di Bergen, E. WEIBEL di Redondo 
Beach, Cal., B. WrepEr di Boulder, Colo., H. WiLHELMSSON di Copenhagen. 


Ed ecco gli uditori: M. BINEAU di Paris, 0. CIANCIA di Genova, T. CONSOLI 
di Paris, A. C. Ducati di Santa Ana, Cal., P. GRATREAU di Genève, L. HOGBERG 
di Uppsala, P. J. KeLLOGG di Minneapolis, Minn., A. KRANJO di Bologna, F. 
LERDA di Torino, ©. MAISONNIER di Genève, C. MERCIER di Saclay, L. PEN- 


“NELEGION di Southampton, J. P. Somon di Saclay, G. Viano di Torino. 


In totale tra allievi e uditori sono più di sessanta le persone che costitui- 
scono (per così dire) la scolaresca del Corso; molto maggiore è stato però il 
numero di coloro che avevano fatto la domanda di frequentarlo. Purtroppo 


le limitazioni imposte dalle possibilità materiali della Scuola han reso ‘anche 
‘quest’anno penoso il contrasto in cui la Direzione si è trovata tra il dover dir 


di no pur desidesiderando dir di sì. Noi confidiamo di essere compresi ed ap- 
provati. 


**kA* 


Chi abbia seguito gli elenchi dei nomi che ho letto avrà notato che ben 
diciassette sono i vari paesi qui rappresentati. La disciplina comune trattata, 
le lezioni a comune seguite, le discussioni che insorgeranno tra i vari parte- 
cipanti al Corso, la collaborazione tra i giovani che dovranno raccogliere le 
lezioni, il mangiare insieme, il fare insieme il bagno, la vita comune... tutto 
favorirà l’annodarsi o il rinsaldarsi di amicizie. E a Corso finito una tenue, 
ma tenace rete di conoscenze, d’interessi, di simpatie si troverà spontanea- 
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mente ad essersi formata sotto il comune titolo della Scuola Internazionale 
di Fisica di Varenna, e costituirà per la sua parte, anche se minima, una 
specie di viatico attraverso a quelle barriere che gli uomini hanno tristamente 
inventato per separarsi tra loro anche in uno stesso paese, e combattersi e 
che la Scienza tende, per vie non diverse sostanzialmente di quelle dell'amore 
e della stima, a superare. 

Sicchè coloro che a questa Scuola partecipano ricorderanno, io credo, 
ancor più che le lezioni ricevute per imparare a leggere il libro eterno della 
Natura — libro che qui a Varenna porta scritte alcune delle sue pagine più 
belle: i monti sorgenti dalle acque del Lago verso l’azzurro del cielo nella cor- 
nice impareggiabile delle sue rive — ricorderanno, credo, il viver calmo della 
Villa Monastero, tra quelle acque e quei monti, nell’istintiva aspirazione di 
migliorare se stessi aumentando il proprio sapere. 


Con l’augurio che questo scopo umano e scientifico a un tempo sia rag- 
giunto, ho l’onore di dichiarare aperto il I Corso 1958 — VI dall’inizio della 
Scuola Internazionale di Fisica della nostra Società — dedicato alla Fisica 
del plasma e alle applicazioni di essa ai problemi di Astrofisica. 
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DEL NUOVO CIMENTO 3° Trimestre 


Prolusione al Corso. 
DI 


G. RIGHINI 
Direttore del Corso 


È un grande onore per me dirigere il primo corso del 1958 che si tiene in 
questa Villa nota ormai in tutto il mondo sia per la sua incomparabile bel- 
lezza, sia per la Scuola che essa ospita. 

Di questo onore io sono grato al nostro Presidente, prof. POLVANI, che, con 
fine intuito, volle riunire, in un solo corso, due branche promettenti della 
scienza: la Fisica del plasma e |’ Astrofisica. 

Se è vero che la Fisica del plasma è venuta alla ribalta in questi ultimi 
anni in seguito alle ricerche svolte da alcuni gruppi di studiosi, fra i quali è 
preminente il gruppo inglese di Harwell, è altrettanto vero che per lunghi anni 
i ricercatori che si occuparono di scariche nei gas rarefatti, dello studio dell’arco 
elettrico e di analoghi fenomeni, debbono considerarsi i precursori e i pionieri 
di questo nuovo ramo della Fisica. 

L’Astrofisica, scienza più giovane, entra di prepotenza in questo quadro 
soltanto più tardi e soprattutto ad opera degli osservatori solari. Si parlava 
allora dei gasi incandescenti che formavano le protuberanze solari, della cromo- 
sfera assimilata da ANGELO SECCHI ad una « prateria ardente », mentre i pen- 
nacchi coronali osservati durante le eclissi totali facevano sospettare l’esistenza 
di un campo magnetico solare. 

Si deve a ELLERY GEORGE HALE se queste vaghe ipotesi sul comporta 
mento del plasma solare sono state messe sul giusto binario. L'invenzione dello 
spettroeliografo (1889), che permetteva di fotografare lo strato superiore della 
cromosfera in proiezione sul disco solare, e la scoperta del campo magnetico 
delle macchie (1908), dovevano incidere fortemente sulla corretta formulazione 
delle idee riguardanti la natura e le condizioni fisiche dei gas solari. Si può 
dire anzi a ragion veduta che questi fatti sono alla base della Magnetoidro- 
dinamica delle atmosfere stellari. 
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L’Astrofisica offre quindi al ricercatore che studia il plasma un campo 
vastissimo di fenomeni che sono relativi al plasma stesso e avvengono sotto 
condizioni fisiche non riproducibili in laboratorio. Basse densità, quantità 
enormi di materia, elevatissime temperature, campi magnetici estesi su migliaia 
o milioni di chilometri quadrati...: ecco le condizioni che prevalentemente 
regnano nell’ambiente astrofisico; qui è anche il dominio delle onde magneto- 
idrodinamiche la cui predizione e teoria si deve ad HANNES ALFVEN. 

D'altronde le ricerche di laboratorio offrono all’Astrofisica le basi per l’inter- 
pretazione di fenomeni fino a ieri misteriosi. Le spicule cromosferiche, i moti 
delle protuberanze, la natura stessa delle macchie sono oggi spiegabili grazie 
alle conoscenze sui plasmi che sono state acquisite in laboratorio. Persino il 
fenomeno dei « brillamenti » o «flares » che per decenni ha affaticato inutil- 
mente i teorici dell’Astrofisica, si spiega bene col nuovo meccanismo della 
contrazione magnetica del plasma, meglio noto col nome di « pinch-effect ». 

Ma numerosi e vasti sono ancora gli aspetti poco chiari del comportamento 
del plasma e vastissime sono le applicazioni potenziali delle tecniche svilup- 
pate; così pure molti fenomeni astrofisici attendono ancora dai progressi di 
questi studi una completa ed esauriente interpretazione. 

Ora sembra il momento di fare il punto sulla situazione raggiunta, di discu- 
tere i risultati, di progettare nuove esperienze, di creare una schiera di colla- 
boratori e di giovani studiosi che, ricchi del patrimonio e dell’esperienza di 
altri, possano proseguire nel cammino intrapreso. 

Principalmente con questo scopo la Società Italiana di Fisica ha organiz- 
zato questo Corso di Fisica del Plasma con applicazioni astrofisiche che oggi 
si inaugura ed al quale partecipano specialisti e studiosi di ambo le scienze in 
misura pressochè uguale. L’interesse da esso suscitato nel mondo scientifico 
è documentato dal numero sovrabbondante di domande che la Direzione del 
Corso ha dovuto selezionare e ridurre per ragioni essenzialmente pratiche. 

Nel chiudere questo breve discorso desidero formulare l’augurio che lin- 
contro fra i cultori della Fisica del plasma e gli astrofisici sia ricco di risultati 
e che questa collaborazione porti ad un maggiore progresso sia nel campo 


scientifico che in quello non meno importante delle applicazioni pratiche del 
plasma. 


820 


da cli ct 


rev Elus 


" n 


a 


108778) 
83420 
UT9ISPIOS 
1032 9 
PION 
uesoris “H 
seqIOT ‘9 
Torys 
HOUSE 


SAA 


Adadid 


rorqary, 
orqqoue:) 
194980 'T 
eyo 
I9ISON 
uuewduogI “I 


PUOM * 


IPUBAOTI “9 
‘If SAC 


BU: 


nm 


Ce) 


ETS) 


AAS 


uosejouueg “I 
Aopeyea “AM ‘I 
Tuer) “I 
uUoOsq “V 
JPUIT “AM 
HOUYT ‘4 
MOMUZOH ‘4 
H901INIS “d 
TON ‘9 
IMBJeTEUH-TE AL 
JOTUUOSTENI “I 
310q430H “TIT 


TOPO) ‘D ‘FE 
owed POV "N "EE 
91996 “S “GE 
IZIBMYOS “YU “A “TE 
OIL “A ‘0€ 

SOY UT ‘Cd ‘68 
near) ‘d ‘86 
uuewpoH ‘f ‘LG 


uesqoovr “LD 
Torys ‘9 
TUTeL “N 
MnopioL ‘I ‘£ 
I) “A 
JOPOIM “A 
epozzeuog ‘D “4 
JOIN “I 
HEURE “af 
UOSTUEH “A "YU 
quesieg ‘© 
sureeig ‘N ‘O 


TUPIe TT) 
UBUIZIeUOS 
neoulg 
pen “OD 
ofuery 
eyeqqes 9 
TOSUO;) 
He) 

QUO 

epaort 
ueseey ‘A 
IJonoquoderg 


fi< 


» 


a 


mA SE << 


ma 


a 
mi 


ricicd doro 


LEZIONI E SEMINARI 


General Theory of Plasma. 


V. FERRARO 


Queen Mary College - London 


1. — Introduction. 


The purpose of these lectures is to give an elementary discussion of the 
dynamies of ionized gases following the macroscopic method of the kinetic 
theory of gases. For a more complete account reference must be made prin- 
cipally to the treatise on gases by CHAPMAN and COWLING [1]; for this reason 
we shall, in these lectures, adopt the notation of this book. 

Certain assumptions are made on the classical theory of gases; the salient 
ones are, firstly, the assumption of molecular chaos, in which it is supposed 
that particles having velocity resolutes lying within a certain range are, at 
any instant, distributed at random, independently of the position and velo- 
cities of the other particles. Secondly, it is assumed sufficient to,consider only 
binary encounters between the particles. In an ionized gas, the Coulomb 
| electrostatic interaction between ions and electrons, which are long range forces, 

makes this assumption suspect and indeed certain integrals in the theory of 
| gases diverge to infinity for the inverse square law of force. However, COHEN, 
‘SPITZER and RouTLY [2] have shown that under certain conditions the effect 
of multiple encounters between ions and electrons is the same as if the col- 
lisions were binary ones, provided the collision cross-section is suitably defined. 

The fundamental equation in the theory is the Boltzmann equation for the 
velocity distribution function f; its solution is a matter of some difficulty. 
‘ Methods of successive approximation have been devised for the two extreme 
cases, namely, the case when a characteristie length L comparable with the 
dimensions of the gas is large compared with the mean free path, J, and se- 
condly when L is small compared with J. The first can be referred to as the 
case of high density and can be solved by the methods of CHAPMAN and 
ENnsKoG [1]. The second was first treated by JAFFÉ [3] who obtained 
successive approximations to the solution of Boltzmann’s equation by ex- 
| panding f in inverse powers of the free path J. 
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In these lectures only the case of high density will be considered; to sim- 
plify the discussion we shall use the procedure of adopting a «time of re- 
laxation » as is done in the theory of metals; support for this is lent by the 
investigations of BAYET, DELCROIX and DENISSE for a Lorentzian gas [4]. 


2. — Definitions. 


21. Velocity space. — The position vector of a point P in space relative 
to an origin O will be denoted by r (a, y, 2) and an element of volume centred 
about P will be denoted by dr. Thus dr has ranges +4dx, +3dy, +3de, 
in cartesian co-ordinates. 

The linear velocity of a particle will be denoted by ec and its speed by 
e=|c|]. The vector c may likewise be regarded as the position vector in a 
velocity space and this point may be called the velocity point of the particle. 


u 


Fig. 1. — Position vector r of Fig. 2. — Velocity vector ¢ of 
a particle in ordinary space. a particle in velocity space. 


An element of volume in the velocity space centred about e will be denoted 
by de; it has ranges +3du, +4dv, +4dw in cartesian co-ordinates. 
The resolutes (+, y, 2) of the position vector r and the resolutes (wu, v, w) 


of the velocity c may be regarded as the co-ordinates of a point in a six di- 
mensional phase space. 


2°2. Density and peculiar velocity. — In a continuous medium the density 
at any point r is defined to be the limit as òr +0 of the ratio dm/dr, where 
dm is the mass contained in the element of volume dr. This definition cannot 
be applied to a gas of discrete particles since this would make the density 
fluctuate rapidly from point to point. We therefore proceed as follows; sup- 
posing that the particles are all alike, we define a physically small volume 
element dr as one which is large enough to contain a great number of parti- 
cles, yet small enough compared with the scale of variation of physical quan- 
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tities in the gas. Then, the mass of the gas contained in the element dr 
averaged over an interval of time dt, small compared with the scale of time 
variations of the physical quantities, will be proportional to the volume of 
the element and independent of its shape. We may therefore denote it by 
edr; then o is the mass density. , 

Similarly the number of particles in dr averaged over dt is proportional 
to dr and may be written ndr. Then n is called the number density. If m 
is the mass of a molecule then 


(1) o=nm. 


The mean molecular velocity at (r,t) in the gas will be denoted by ec, and is 
defined by 


(2) (ndrhco=Y c, 


where the summation extends over all molecules in the element dr and Y c 
is the average value over the time interval dt. Other mean values may be 
defined similarly. We may also specify the velocity c of a particle by its ve- 
locity C relative to axes moving with the mean velocity c,. The velocity C is 
‘then called the peculiar velocity of the particle. Its magnitude 0 =|C| is 
called the peculiar speed. The mean peculiar velocity of all molecules in the 
element dr is zero, by definition. The components of C are denoted by U, V, W. 


2°3. Velocity distribution function. — The probable number of particles 
which, at time ¢, are situated in the volume element dr centred at r and have 
velocities in the range c, de, is defined to be 


(3) f(c, r, t)dedr. 


This implies that any result which explicitly depends on f is an average 
characteristic of the gas. The function f is called the velocity distribution 
function; the number of velocity points in a volume element dr is clearly 
unaffected by a change of origin in the velocity space. If we change the origin 
to c,, then, since the number of particles (3) is the same, it is also given by 


(4) {C+ c,,r,t)dCdr, 

which is often abbreviated to 

(5) f(C, r,t)dCdr. 

The total number of particles in the element dr is obtained by integrating (3) 
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or (5) throughout the velocity space and this number is by hypothesis, n dr. 
Thus 


(6) n = fit, r,t)de or fre. r, Al 


3. — Mean values of functions of molecular velocities. 


Let (ce, r,t) be a function of e as well as of position and time. Then the 
time average of > for the ndr particles in the element dr is by de- 
finition 


(7) (ndr)p= doe, 
where @ is the mean value of g. Since the contribution to Yg from the 


molecules with velocity range de about ec is fpde dr we have by integration 
over the whole velocity space that 


(8) > p = drfpde. 
Hence, 
= lofde _ Jde 
Cai Page ff de 


In particular, by definition, € = e, whence 


(9) Ci n fefae 4 


4. — Boltzmann’s equation. 


The equation satisfied by the funetion f, from which all macroscopic or 
average properties of the gas are derived, was first derived by Boltzmann. 
It supposes that only binary encounters are important. Suppose that each 
particle is acted on by a force mF independent of c. Then in a time dt in which 
a particle suffers no collision the position vector of its center of mass will 
change from r to r+edt, and its velocity from ec to c+ Fat. Clearly, if the 
particles did not collide the same particles that occupied the volume of phase 
space drde at time t would occupy the volume of phase space at time t+dt 
centred at r+cdt, c+Fdt. But the number in this set is 


f(c + Fat, r + cdt, t+ dt)dedr. 
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The difference 
[f(c + Fdt, r + cdt,t+dt)— f(c, r,t)]dedr, 


must therefore represent the difference in the gain of particles by the final 
set and the loss of particles to the original set in time dt. This must be pro- 
portional to dedrdt and is generally written (0,}/0t),1Adecdrdt. Thus, taking 
the limiting form of this equation as dt +0, we have Boltzmann’s equation 
for f, viz. 


7 GA 
(10) SE CARE Vo = (St) 


ot 


where V, stands for the operator (0/0u, 0/0v, 0/0w), i.e. the gradient vector 
operator in the velocity space. Thus 0,f/0t is equal to the rate of change, by 
encounters, in the number of the class c, de, per unit volume of real space in a 
fixed element of volume dr at 7, t. 

In this derivation we have assumed that the volume element de at time 
t+dt is unaltered; this will only be the case, in general, if F is independent 
‘of c. Fortunately for an ionized gas in which a magnetic field B is present, it 
can be shown that the Lorentz force c x B acting on a charge will leave the 
velocity range de invariant in magnitude. Consequently, Boltzmann’s equa- 
tion for a gas consisting of ions of mass m and carrying a charge e is 


lo] lo] 
(11) I Le: Vy + (E+ xB) Vif = (I) 


@ 
m 


where E is the electric field (expressed in e.m.u. units). 


5. — Steady state. 


Maxwell showed that a steady state solution of (10) in which 0f/ot=0 
exists. In the absence of a body force the velocity distribution function is 


(12) i f=Aexp[— AC], 
where A and 4 are constants which can be found in terms of the temperature 


of the gas and the number density. 
By definition, the kinetic temperature T of a gas is given by the equation 


(13) $kT=3mC?, 


Usi 
I 
va 
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where m is the mass of the particle and % an absolute constant, called 
Boltzmann’s constant. Its value is 1.372-107" erg °K. It can also be shown 
that 7 is proportional to temperature on the thermodynamic scale. Using 
spherical polar co-ordinates in the velocity space (C, 3, g) we have that 
dC= C?dC sin #dÿ dy, 0< 0<00. Hence, using (6) we have 


(ce) n 27 
+ 
(14) n - [i ac -[4 exp [— hC?]C? ac fsin 000 | ay = A (7) ; 
0 0 0 


giving A. Also by (13) 


Ser = 37 [reac =" aa fe exp [— ka fin ofan 3 ue 
by (14). 
Thus, finally 
m \i ml? 
ei Mola "rl om E ma 


If a conservative field of force is present, derived from a potential y(r), it 
can be shown that 


(16) f(C,r)= A exp 


_ mC? VE Valuto a 
2kT| PI Ep] "PIT Er 


CowLING [1, p.322-23] has shown that this result is unaffected by the presence 
of magnetic fields in ionized gases. 


6. — Relaxation towards the steady state. 


The solution of Boltzmann’s equation for non-uniform gases can be found 
by successive approximation. The method is to write 


f= fo(1 + €1) 


for the next approximation, where f, is the Maxwell velocity distribution function 
and e, is small compared with unity. This corrects the distribution function 
by terms proportional to the derivatives of the temperature (heat conduction) 
velocity (viscosity) and density (diffusion). A non-uniform gas at rest will 
approach a Maxwellian distribution in a time + comparable with the «collision 


interval». That is, the time which a molecule takes to describe a free path 
with the mean molecular speed © = (8kT/ma). 
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In certain cases it can be shown that 0,f/0t is of the form 


_ fle; r, 1) — fo 


wer, ? 


(17) 


where t is the «time of relaxation» defined above. This means in effect that, 
if f is the distribution function at time t= 0 and f the Maxwellian distribution 
function, then, the departure from the Maxwellian state f—f >0 varies 
with time as exp [— t/7]: i.e. 


f = fs (L—exp [—7jr ). 


7. — The equation of continuity and motion for a simple gas. 


Let (c) the any molecular property which is independent of r and 4. 
Multiply Boltzmann’s equation by gde and integrate throughout the velocity 
space. Assuming that all the integrals are convergent we get the moment 
equation 


(18) fo (L+ 0-0 + F Vay) de = fido; 


but since gy is independent of r and ¢ we have, by (8), 


of pa Ong 
| ita] à. 
of 0 a onqu (for the first conponent of 
Hem ONCE ra the second term in (18)) 


© ae 
| d de = Jrpni:*s ao dw fi - der È " (f vanishes at +00) 


ou 
whence (18) becomes 
Ho) DE 4 9 (ape) nr Tap = | pe. 
Also [e(2efl 0t) de represents the rate of change of the mean value of gm due 
to collisions. 


If we set p=1, Ge = co Vep —0; also [o(@-f/@f)de=0 since the number 
density in an element of volume cannot be changed by collisions. Hence (19) 


= 
my 
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becomes 
5 


on 


HT V:(nco) = 0, 


(20) 


which is the equation of continuity. 

If we set p= mec, then gp= mo, also ge = mec = m(c,+C)(e,.+C) = 
—me,c,+mCC. We define nmCC to be the pressure tensor in the gas at 
time # relative to a set of axes moving with the mean velocity c,; we may 
write nye = nmec, + p and 


V.(nge)= V:nmesco + V:p= nmcy- Vey + coV-(nme) + V-p. | 
Hence, (19) gives 
0 | | at 
a (nme,) + nmes: Ven + CV -(nme,) + V- p— umF= | pre de, 
(0) 
since F= F:V,y. Also using (20) this reduces to 


lo) 
(21) nm 2 + nmey- Ve = nmF —V-p, 


remembering that the momentum of an element is conserved during collision. 
The pressure tensor p is then 


| 
| 
(22) p=:0t VU, Va vie 4 
WU. Wy We 
where o is the density. 


If the velocity is isotropic, then VW=0, ete., and U? = V? = 
= 3(U?+V?+ W?)=3 0? and 


| koC? 0 0 
(23) =l 0 100: già 
| 0 Bini UL 


which represents a hydrostatic pressure. Since by definition 3m C'=3XT, 
this gives the gas equation 


(24) p=knT. 
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8. — The equations for a plasma. 


We may consider a plasma to be a mixture of two different gases, namely 
‘the positive ion gas, (referrred to by the suffix 1), and the electron gas 
(referred to by the suffix 2). Thus, n, and » denote the densities of the 
ions and electrons at r, t, respectively and m,, m, denote their respective 
molecular masses and we write 


(25) 01 = NM; 02 = NaMg 


for the densities of the gases. Likewise, c,, c, denote the velocities of a typical 
ion or electron and ¢,, €: their mean values. Let 


(26) Ny = M + Nas 007 t+ C2- 


Then » is the number density of the plasma and o, its mass density. 
The mean mass velocity of the plasma e, is defined by equation 


(27) 00C0 = 01€, “E 02€2 


and the peculiar velocities of the ions and electrons, C, and C, are defined by 
the equations 


(28) C,=¢,—&, C, = © — Co. 
It follows from (27) that 
(29) aC, + 0.C, =0. 


The partial and total pressures are defined as for a simple gas in a frame 
‘of reference moving with the mean velocity co. Thus 


(30) Pi 0if,C, , P2 = a2.0.C, , Po = P1 + Pz 


give the partial pressure tensors for the ion gas and electron gas respectively, 
and the total pressure tensor is po. The hydrostatic partial pressures are de- 
fined by 


(31) Pi = 40,C?, P= $0.C?, 


and the corresponding mean kinetic temperatures by Ti, T2, To where, in 
accordance with (24), 


(32) Pi = kn,T,, Pa = kn.T., Po = ANT 


& 2 - Supplemento al Nuovo Cimento. 
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whence 
(33) No Lp = Na Ts + Nels . 


The velocity distribution function for the ion and electron gases are denoted by 


(34) filer, r,t); fort) 


or briefly, f,, f if the suffixes 1, 2 are understood to be operative on variables 
also. Boltzmann’s equations for the two functions f, and f, are: 


of defi 


(35) SOA Cral, (à =1, 2), 


and m,F,, m,F, are the forces acting on an ion and electron respectively. 
Thus, if these are due to an electric field E and a magnetic field B, 


(36) F, = 2 (E+ ¢,xB), oe IE ce aye 


1 2 


where e, and e, are the charges carried by an ion and electron respectively. 
We next derive the equations for changes of molecular properties: let 
gi(e;) be any such molecular property for the two gases, which as before, we 
shall suppose to be independent of r and #. 
Then as in Sect. 7, we derive the equations 


Oni Of 


(37) Le V-(n pei) — nF;:Ve,pi = |v Sacs, (i =1, 2). 


The right hand side represents the rate of change of the mean value of Pis 

due to collision. As before, this vanishes if g,=1 (since the rate at which 

the number density of either gas is being changed by collision is zero), and (37)! 
gives 


ini i? bn; 

(38) di À V(n;C) + V:(n,C;) = _ + V ‘(n,e;) = 0, (i = 1, 2) 
where c; is defined by 

(39) nc; foi de; . 


This is the equation of continuity for the separate ionic and electronic con- 
stituents of the plasma. 
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Again multiplying the two equations (38) corresponding to the ions and 
electrons by m, and m, respectively, and adding, we find: 


è 
(40) = + V:(00C0) = 9, 


which is the equation of continuity of mass of the plasma as a whole. 
Now set g;= m;c,, à — 1,2; then 


(42) 9, C; = mic;ci = MiCoCo + mieoCi + miCico + m.C,C; 
and proceeding as before we find from (37), (writing oi mimi, pi= nm,C,C,), 


00:C0 | d0;C. 


(43, 44) SE gi 


LV: pi—oiFit+ V (0:00) 
CHE ; 
a (0;e¢,C J+V: (0;C;c0) = [mies dc;. (t = 2) 


Using the identity V-(uv) = (u-V)v + (V-u)v to expand the last three terms 
on the left hand side of (44) and eliminating V:(o:c,) between this equation 
and that obtained from (38) after multiplication by m;c,, we find finally 


de, do,C; 0. 
(45) 067 ha + (V-pi— 0:F.) + EC +0; Cu V)co + piCi (V : Co) =m, Ci cl de;, 
where 
d © 
(0) Dates 


Add the equations (45) for the ions and electrons; then noting that the sum 


fr Ci 2h de, + [me Ze * de, , 


vanishes, since the total momentum of the ions and electrons is unaltered by 
collisions, we find, using (29), that 


de, 


(47) En 


= —V: Po + O1 F5 + CF ; 
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which is the equation of mass motion. Equation (45) refers effectively to an 
element of either gas following the mass motion of the gas. An equation can 
be obtained by referring the motion to the local mean velocity of an Seno 
of either gas. Denoting by d;/dt the mobile operator following the mean motion 
of the i-th constituent of the gas, so that 


Spi dt at 


we find after some rearrangement of the terms the following equation 


LC, nr Of 
(49) Gr th Viper OF em V -(g:Ci€;) = [messi der. 


It is therefore appropriate to introduce the relative pressure tensor P; defined by 


(50) P,= 0:C; Gi Ca Ca 


so that (49) becomes 


Dc A Pata 
(51) Oi di _ V P,— 0;F;= M,C; DI dc;. 


This corresponds to equation (2.4), pag. 18, given by L. SPITZER in his 
book on ionized gases. It should however be noted that Spitzer’s definition 
of the pressure tensor does not coincide with that given in (49), i.e. with the 
Chapman-Cowling definition. 

Since for a simple gas C;= 0, it follows that in this case (51) reduces 
to (21) as should be the case. Whether one uses equations referred to 
the mean mass velocity or to the mass velocity of a particle depends to a 
large extent on the problem one is considering. When one is concerned with 
the motion of the gas as a whole it is best to use a pressure evaluated relative | 
to the mass velocity. When one is concerned with the motion of a single 
constituent Spitzer’s definition has something to recommend it. 

The pressure tensor (50) will in general have 6 components since P;; = Pi; 
if the distribution of random velocities is isotropic, the non-diagonal elements 
vanish. There are then two possibilities: firstly the three elements are all 
equal. In this case the pressure tensor reduces to a scalar, the hydrostatic 
pressure P, and V-P reduces to VP. Secondly, Ps, Py, Pz; are all different 
so that the «pressure » is different in different directions. Such a situation 
can arise in the absence of collisions, when the compression of the gas in one 
direction increases the root mean square velocity in that direction without 
affecting it in the other two. The case when the « non-diagonal elements » 
differ from zero, gives rise to the phenomenon of viscosity. 
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9. — Approximate calculation of the collision terms. 


An exact evaluation of the collision terms on the right hand side of (51) 
can only be obtained by considering detailed collisions. An approximate eval- 
uation, however, can be affected by using the time of relaxation as defined 
‘in Sect. 6. Let 7, be the «relaxation time » appropriate to the i-th gas con- 
stituent so that we may write approximately 


Os ba tae le 
Gh ot tg © 


(52) 


where f denotes the Maxwellian distribution function for this gas. Write 
also 


(53) cia Cr; 


then the right hand side of (51) becomes 


A Ò CHE CHE 


But since c, can be treated as constant in the first integral, and since 
[(2.f:/2) de; = 0, it follows that (54) reduces to 


(55) fmi ae, è 
Substituting (52) in (55) and since de, = dC;, this reduces to 
(56) feu) dC, —|m,C,(f;/t:) de; . 
hu i} ae Cyt; dC., vanishes identically; hence (56) reduces to 
(57) di — nam; Ci. 
Adding the integrals corresponding to the ions and electrons we have 
(58) Nam TC, + n,M,7, C, = 0. 
However, the times of relaxation for the ion and electron gases must be the 


or] 
tac 
a 
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same, whence, denoting this common relaxation time by 7 
(59) TL (nm Ci + No Ma C2) = 0, 


which is equation {29). Let the integral on the right hand side of (51) be 
denoted by I,; then 1,+1, —0, by (59). Also 


C,=— It/nm,, Ci =— 2T/M Mz 
and thus 
— = = 2 SD 1 Oot 
CHO See eT (7 =] =- 1 
(60) 1 2 Ci C2 (I, 7) : "+ = 010s 1 


Thus we may express J, in the form 


(61) FRS, 


Qo 


and (51) can finally be written 


: d,c; ___ 102 ,- = 
(62) Li ati + V:P;— oiF; = Oot (ci Co). 


This is the equation of motion of an ion or electron in the plasma and is fun- 
damental in the theory. 


10. — The existence of a time of relaxation. 


We shall now attempt to justify the assumption of a relaxation time; the 
discussion, however, is not rigorous. The collision terms for a plasma @,f,/0t 
can be expressed as the sum of two terms, namely d;; and d;; (î,j=1,2), 
which represent respectively the effect of collision between particles of the 
same kind and those of opposite charges. It will suffice to confine our atten- 
tion to the latter case. Suppose then that a particle A; of the class i collides 
with one of class j and that the radius of the «sphere S of action» is R. The 
value of À will be determined in Sect. 12. Let the velocities of the particle A; 
before and after impact be c,, c;. The number of particles of class i colliding 
with an element dS of surface of the sphere S subtending a solid angle dw at 
the centre during time dt is equal to the number of particles of class i in a 
cylinder whose slant height is c,dt and whose base is the element dS. 

The volume of this element is 


FR dwdte;-n, 
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where n is a unit vector along the normal of the sphere at the point of « con- 
tact». The number of collisions per unit time undergone by the particles of 
class i whose velocities lie in the range c;, de, is 


R'dwc;-nf;(c;)dc;. 
Likewise the number of collisions whose velocities after collisions lie in the 
range c;, de; is 
R:dwe;-nf,(c;) dci. 
If the number of particles of class j per unit volume is n;, we have therefore 


that the number of particles of class è gained by the element dr dc, of phase 
space by collisions in time dt is 


0e i 1 ! 
(63) 2b de, = my R*((f.(e) — Fleder nde . 
Since Boltzmann’s equation is linear in the velocity, it suggests that we should 
seek a solution of the form 


(64) file) = i; (ci) + Ci Xi (ci) ; 


where f® is the Maxwellian distribution function and x; a vector function 
to be found. Also, since the normal results of velocity of a particle of class a 
is reversed on impact we have 


(65) c,=c,+2(c;-n)n. 


Substituting (64) and (65) in (61) we find that 


(66) (3) = uke -n) (ce; — ci): (ci) do = — 2n;R? (c;-n}n:xdo . 


Let 0 be the angle made by c; with — n and « the angle made by x with n; 
then (66) may be written 


(67) (7) bos 2n; R° ci rfcos a cos? 0 do , 


where 4% =|%|: 
Draw OP in the direction of c; from an origin 0 to cut the unit sphere of 


centre 0 in P. Let 0Q be drawn in the direction of n and OX in the direction 


19 
<a 
n 
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of x. Then if g be the angle XOP, we have 
cos x = così cos g + sin 6 sin y cosy. 


Integrating with OP as polar axis and noting that 0 < 0 < n/2, 0<y<27, 
we find 


cos « cos? 0 do = 42 cos p = $a(e;°xX)/Ci x - 
Substituting in (67) we find finally, 


def 


ms Res (fi— fr), 


which is of the form (f° —f;)/t if we set t= (zn;R*c;)"1. 


11. — Electrical neutrality. The Debye distance. 


A plasma will in general rapidly attain a state of almost complete neutrality. 
This is because the potential energy per particle resulting from any space 
charge would be enormously greater than its thermal energy. We can obtain 
the order of magnitude of the distance over which departures from neutrality 
can occur as follows. Maxwell’s distribution functions for the positive ions 
and electrons are 


(68) n, oc exp[— eV/kT|, ns oc exp[eV/kT], 


where 7 is the temperature of the plasma and V the electrostatic potential. 
Poisson’s equation is 


(69) ‘ V2V = — 4a(n, — n,)e. 


Except where n, and n, differ greatly from unity, we can write to the first 
order 


(70) m= N+, n=iNM—-V, 


so that n, is the number density of a plasma, as is evident by expanding the 
exponential to the first power of eV/k7. Thus 


MeV 


(71) ì Ni — M = 29 = kT , 


Le” Mia 
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and (69) becomes 
| ATthoe? 
72 Veni 
(72) V°V LT Vi, 
or putting 
kT 
19 jie. 
(ES) Ange’ 
we have 
Vv 


Here b has the dimensions of a length and is called the Debye shielding dis- 
tance. The reason is that the spherically symmetrical solution of (7 4) gives the 
potential of the field of à unit charge in the plasma, namely 


(75) ua | i 


where r is the distance from the charge. At distances of few multiples of b 
the electric field of the point charge is shielded by the surrounding charges. 
LANGMUIR has, indeed, defined a plasma as an ionized gas whose dimensions 
are large compared with b. At the temperature of 1000° we find 


(76) b—21/Vn em. 


So that for n= 101, we have b= 2.1-10-7 cm and so it is small. The quantity 
b is also roughly the thickness of the sheets which develop in plasma in con- 
tact with a solid surface; for in equilibrium a potential gradient arises near 
the walls reflecting most of the charges back into the plasma. And to do this 
the potential difference must be such that eV ~ kT. It follows at once that the 
thickness of the sheet is of the order of the Debye distance. 

The rate of approach to the steady state given by ed. (74), may be ob- 
tained by using the equation of diffusion appropriate to a plasma at a 
uniform temperature and pressure, but non uniform in the number densities. 
Let these be 3m +» as before; then the equation of diffusion is 


ov y 
a pared: e 
(77) | di DV?» me 
where 
(78) T= kT Aan e?D 


and D is the coefficient of diffusion for the mixture of ions and electrons; 
D varies only very slightly with n over a large range of densities and tempe- 


SS 
CA 
ao 
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ratures, but varies as T°. For a temperature of 1000°, its value is of the 
order of 4-10!" and the corresponding value of 7, is of the order of 107!?s. 
Thus the steady state is approached very rapidly, though the value of % is 
smaller than one would have expected. 


12. — Collision interval and mean free path in a plasma. 


Some idea of the order of magnitude of the mean free path in a plasma 
is of interest in connection with certain problems that will arise later. There 
are two methods of defining the mean free path in an ionized gas like a plasma. 
The first is to compare the formula for the coefficient of diffusion D derived, 
by elementary theory in terms of the mean free path, with the exact formula 
for D derived by the exact methods of the kinetic theory of gases. The second 
and more exact method which will be followed here, consists in determining 
the time taken for the path of a particle to be deflected through an angle 6 
say, which is usually taken to be 90°. Such a deflection may be produced by 
a single encounter with another particle or by a succession of feebler binary 
encounters in which the deflection of the path of a particle is less than 6, but 
which produces a resultant deflection equal to è. 
In the case of a plasma such feeble encounters are 
more effective in deflecting the particles than a 
single encounter because of the long range elec- 
trostatic forces between the charged particles. 
This was first pointed out by JEANS and the 
theory was refined by CHANDRASEKHAR. 

The plasma will be supposed to be at uniform 
temperature and pressure and, as we have seen, 
electrically neutral. Let the charge on the posi- 
tive ions be Ze, where e is the electronic charge. 
Then since the plasma is neutral, we must have 


(79) n= Zn, 

Fig. 3. — Hyperbolic orbit 4 x 

Hs n electron around a posi- the notations being the same as before. 

tive charge; b is the dis- In the first instance we neglect the encounters 
tance of the relative path at between the electrons and consider only those 
infinity from the positive between ions and electrons. Let g denote the rela- 


charge, (impact parameter); : : : È 
Suite RU roth whlch tive velocity of an electron and a ion in the re- 


Daron ol moe nt lative hyperbolic orbit, b the perpendicular distance 
the electron is turned by between the charge and the asymptotes, and 6 the 
the encounter. deflection of the relative path after the encounter. 


ES 
Ca 


rato 
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Then we have 


CLS CONTE SR: 
(80 SALATE fay) pane 
“Sg E È ) ls Li = 


We must now adopt some mean value for g. If we neglect the ratio my/m, 
compared with unity, then g will be approximately the velocity of the electron 
before encounter. It is sufficient for the present purpose to take g? to be the 
mean square of the individual velocities so that 


(81) g = 3kT/m, , 


whence (80) becomes 
Ze? Ô 
(82) : = ea ctg (5) . 


Hence the probability that during an encounter between an electron and a posi- 
tive ion the path of the electron is turned through an angle > è after the en- 
counter is such that the electron must be aimed at an ion within a perpen- 
dicular distance b. Since, on the whole, the motion of the ions can be ignored 
during encounters, the number of such encounters per electron per unit time is 


(83) TN: b2e, ’ 
where c, is the mean velocity of the electrons. The collision interval t' is thus 
(84) T'= 1/nn,b?¢, . 


This expression must now be corrected for the effect of distant encounters; 
since we may neglect the velocity of the ion during an encounter, the relative 
velocity g will not differ greatly from the velocity of the electron. Now, the 
total change of velocity along the line of nearest approach is 2Ze?/bgm,. The 
component of this velocity, ¢, say, perpendicular to the direction of the relative 
velocity g is 


(85) 2Ze? cos (+Ò)/bgm, . 


Since all direction of the plane containing g and the line of closest approach 
are all equally probable, the expectation of €, after a series of encounters is 


(86) c= > (em) cos? (5) 
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Eliminating 6 between this equation and (77) we find 


i Ze?\? 1 
(87) CAD gm, bu? 
where 
(88) u = Ze?/3KT . 


It suffices to replace g? by its mean value given by (81) in the eq. (87) since the 
effect of encounters for which g is small are negligible. In an interval 7 the 
number of encounters for which b lies between b and b+db is 


(89) drm, cb Ab t 


and hence from (87), the expectation of c} after time Tt is 


b, 


È à : _ (Ze\2 b db __{ Zez\2 b? + 4? 
(90) Cn = fan, (a) The me ua = 47,63 (=| + loz =— pe a 


di 


We may take b,=0; as regards the upper limit we might set, after CHAPMAN, 
b, equal to the mean distance between the particles in the gas, vie. n-}. But it 
has been shown that at distances greater than this, encounters are still cor- 
rectly given by the formula for binary encounters. In fact, SPITZER has shown 
that a better approximation is to set b, equal to the Debye distance (*), viz. 


(91) by = (kT'/4atne®)* . 


We now define a collision between an electron and a ion when the direction 
of motion of the electron is turned through a right angle. For this to happen 
¢, must be comparable with e} or say g°. The free path of the electron l, is given 
by et and supposing that Tr <7', we deduce from (90) that 


2 
(92) Le Leg at one 
Ann, \ Ze? } log (1 + a?) 
where 
(93) Fe di CITE [ +3kT a 3. (k3T3\3 
IT Anme?] Ze 2Ze\nn}" 


() Dr. GALLET has pointed out that, in fact, the two different methods of approx- 
imation lead to practically the same result as far as orders of magnitude are concerned. 


© 
= 
n 


yo 
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Likewise the collision interval +, for the electrons may be defined as the time 
necessary for deflections less than a right angle to produce a resultant deflection 
of a right angle is 


an 2 (3ms\! (3618 1 
27 8me\2Zx) | Z } log (1+ a?) 


In deriving this expression we have not taken into account the encounters 
between electrons themselves. But in considering phenomena such as the 
electrical and thermal conductivities, depending on the diffusion between ions 
and electrons, encounters between « like particles are rightly neglected. Thus 
(92) and (94) give the values of the mean free path and collision interval for 
diffusion processes 

These expressions, however, have been derived on the supposition that the 
relative orbits of the electrons around a positive nucleus are hyperbolic. This 
will be the case only if the mean kinetic energy of an electron 3k7'/2 exceeds its 
potential energy 2e?/b, at the distance b, from the ions defined by (91). Other- 
wise the electronic bound is an elliptic orbit. From (91) we see that this 
implies that a>>1. Hence, in the above formula we may replace the loga- 
rithmic term by 2loga. Furthermore this condition makes t< 1’, a con- 
dition already assumed earlier. In fact t/t' = d/log (1+a?) and since a >1, 
we have t/t’ — (8 log a). 

In dealing with a phenomenon such as viscosity, collisions between the 
particles are important, and the above expressions for /, and 7 are thus too 
large. If is found sufficient to consider collisions between the electrons the 
effect of which is to shorten the free path and collision intervals in the rates 
1/(1 + 23/Z). Thus the correction is only necessary in the case of a proton plasma. 


(Note: In Sect. 10 À, was left undefined; its value for the electrons is given 
by (N.C) *, where 7, is given by (94)). 


13. — Numerical values. 


Since a>>1, (92) and (94) may be written very nearly as 


i pe (oer 
mp) 27 Ban, log a\ Ze?) ? 
96 i 3m)? (3kT\3 
(96) T — 16metlog a \2Zx) \Z}" 


SpITZER [5, p. 73] has given a table of values of log a for a proton-electron 
plasma for various values of the densities and temperatures. With permission 


Cor) 
«a 
(°°°) 
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of the Publishers, Interscience Publ., New York, we reproduce part of that 
here; » denoting the electron density. 


e 1 103 105 10° 1012? | 101 108 | 
TUBES 

102 16.3 12.8 9.43 5.97 

103 19.7 16.3 12.8 9.43 | 5.97 

10! 23.2 19.7 16.3 12.8 9.43 5.99 

105 26.7 23.2 19.7 16.3 12.8 9.43 5.97 
106 29.7 26.3 22.8 19.3 15.9 12.4 8.96 
107 32.0 28.5 25.1 21.6 18.1 14.7 11.2 

103 34.3 30.9 | 27.4 24.0 20.5 | 17.0 13.6 


Inserting numerical values for the various constants (e = 4.8-10~” e.s.u., 
k = 1,37-10-1* c.g.8.) we find from (95) that 


si __1.26-105T 
call "m4 Z? log a ; 
and 

fh 
91 = 214. —_ 
Eye Ta o Zn, log a 


For protons the corresponding time is (1823)!t, or 
(96b) t,=9.15-T*/(n, loga) 8, 


wich agrees with the values given by SPITZER. 

The value of +, given by (960) determines the value of the adiabatie cons- 
tant y to be used to determine the temperature 7 in an adiabatic compression 
(To n° '). If the time of compression is slow compared with 7,, then y = 5. 
For compressions more rapid than t,, y is equal to 2 or 3 according as the com- 
pression is two dimensional or one-dimensional. 


14. — Electric currents in a plasma. 


The charge density in the gas is defined by 
(97) vy = (Zn, — me, 
where e is the electronic charge in e.s.u. The current density vector is defined by 


(98) i = N, Zee, = Nz Ce 
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or using (28) and considering mean values 


(99) i = n,Z,e(e, + C,) — me(eot+ C2) = veo+J; 
where 

(100) j = mZ,eC,— nC, : 

Also 

(101) nm,C, + nym,C, = 0, 

hence 


(102) j=nm (2, + me) eC, = —M"M Gs + eC, —_ 0182 (È ae =) (C, aC ven 
2 


Ma Qo \M M2 


Reference to eq. (62) shows that €; — ©: = C,— C, and hence a current 
density may be produced by external forces (such as an electric field), a pressure 
gradient or by the inertia of the charges. We can evaluate the differential 
velocity C,—C, by considering the Boltzmann equation for each gas. An 
alternative procedure due to SCHLUTER is to consider (62) and we shall con- 
sider this first. We shall assume that the pressure tensor reduces to hydro- 
static pressure P,, say, so that (62) becomes 


de; 
Ci at 


(103) Pippe). 
Oot 


Let E and B denote the electric and magnetic field strength in e.m.u., » the 
density as before and g the gravitational acceleration on a particle. 

Then 
(104) m,F, = Z;e(E+c;x B) + mg 


and since 
Ci = Co + Ci 
this becomes 


(105) m,F, = Z,e(E + c,xB) + Ze€,x B+ mg. 
Comparing the equation 


d,c = = 
oa + VP QP = — 0e (C, —C,) , 


(106) 


for ions and the corresponding one for the electrons 


dc = 
on 22 + VP OF =o (C1 — Ca), 


(107) 
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we see that the left hand sides of the two equations are equal in magnitude; 
because the inertia of the electrons is so small we may neglect the first term 
on the left hand sides of (101) which then becomes approximately 


(108) DR CC) ay eee 
Qot 
gravitational terms may also be excluded from the equation for the same reason. 
This equation can also be obtained by considering the solution of the 
Boltzmann equation and the approximation given in a previous section. 
Neglecting also the ratio m./m, compared with unity we find from (97) that 


approximately 


(109) jrt=— (VP,—0F;). 
Me 
Also let 
(110) E'=E+c,xB, 


be the electric field relative to axes moving with the mean-velocity €, and 
using (103) to express C, in terms of j (neglecting the ratio m./m,), we find 
approximately 
ee’ À ne? e 
(111) jritjxeB/m, = —E'+—VP.. 
In the absence of a magnetic field, gravitational forces and pressure gra- 
dients, (111) reduces to Ohm’s law 


(112) j= 


Thus the coefficient of E is the electrical conductivity o, where 


Nz CFT 
o = — 
Ms 


(113) 


1 


and e is measured in e.m.u. Introducing also the cyclotron angular velocity 
of the electrons ©, = e|]B|/m,,(105) may be rewritten in the form 


(114) j + oxtjx BJB =o (E'+ _ vr.) 
2 


This is the approximate equation satisfied by the current in the plasma; 
the relative electron pressure gradient is equivalent to an extra electric field 
E" = (1/n,e)VP, which may be considered additional to the existing field E” 
due to the presence of external field sources. 
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Finally we consider the equation of mass motion; by (105) we have 


m,F, = Zie(E + ¢xB) + Z, eC xX B + Mg , 
mF, = — e(E + cx B) — eC,x B + Mog . 


Using (97), (98) and (110), we find from (47) that 


dc 


114a Pa 
( ) Lo di 


=— Vp trE'+jxB+ ag , 


if the plasma is neutral, y= 0 and (108a) reduceds to 


de a 
Aa, 


114b 
( ) 00 a 


which is the equation of mass motion. 


15. — Electrical and thermal conductivities in a plasma at rest. 


To simplify the discussion we shall first of all suppose that there is no 
magnetic field present. Then in accordance with (105) and neglecting the ratio 
m,/m, we have 


(114c) j=—neC,: 


To evaluate this vector we must consider the solution of the Boltzmann 
equation. An approximate method of investigation is to assume a time of 
relaxation and replace the right hand side of (35) by 


(115) È nei 


in which f,” —f, is small compared with f®°. Substituting in (35) and retaining 


only first order terms on the left hand side we obtain: 


(116) fee (CV) Ty EVI Ts 
where 

(0) __ Ms 5 LES 2/9 
(117) 3) = Na (an) exp [— m,03/2kT] . 


Also, in the absence of a magnetic field, 


(118) ab 


3 - Supplemento al Nuovo Cimento. 
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where E is the electric field, so that (116) may be written 


(119) fe = fe |1— 1 (CG: V) log fY + mE -Ve,) log fs |; 
now, 
(120) log f® = const + log (n.T*) — m,0}/2kT 


and in a plasma, as we have seen, y — à in general, so that since Ton)" 


we have that ny 7 * is constant. Thus 


(121) V log fo = DT: MITE Ve, log fo =— mC, /kT , 
su that 
(122) fe =f h (cv "E € cp). 
a SEE AT 
Hence 
(125) j=efCpsaC,-— off C,aC, ef een + 7 (GE) aC, 
or, since the first term vanishes identically, 
(124) j= cfr f®(C.:B)C,dC,, 
where 
m, C2 es 

125 al 
(125) B= a VT ui 

Now it is easily shown that 

1 

(126) frena crac = 74 front. 
whence 

È, _1 em e E 
127 3 has 
ml — 3 appa VII: + BRT? 
where 
(128) Ji = [rox dc, . Ji = [roi dC, , 
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In a first approximation we shall regard 7 as independent of 0, but de- 


pending on 7 and n. Then we find 


3kTn, ip 
(129) pee Cr | | 
M: 4 


where 7 is given by (96). Hence 
(130) se bnat ek Nz 6” T 

Comparing with (112) we see that the coefficient of E is the electrical 
conductivity as previously defined; hence we may write 
(131) j= oE + $(k/e)oVT . 

Thus the presence of a temperature gradient will give rise to an electric 
current associated with thermoelectric effects. The temperature gradient also 
gives rise to a flow of heat which we investigate next. 


The heat density of a simple gas due to kinetic energy is defined to be 
inmC?. In general therefore, the rate of heat flow is defined by the flux vector 


S| M 


(132) q= = nmO?C AO dC 


In the absence of a magnetic field the heat conduction will be mainly due 
to the electrons, so that we may treat the electron constituent in the plasma 
as a simple gas as before. Thus 


1 


(133) q=5 1% 02C,f.(C,) ac, . 


Using (122) we can write 


(134) q -m.f0;0, {2 dC, LE ms t02C, mes (CNT )f ac, ax. 


È 
= C,-E)C?C.j® dc, . 
5 | ep (Co ECR 
In this expression the first term vanishes and using (126) we have 


1 m; 
Doi ET: 


vrfrot fac. ae frosipac., 


(135) di 
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whence we may write 


À lines lem, 
N50) a = A3 pi 


where J, is defined in (129) and 


(137) Ja [rts ac. 


If t is assumed to be independent of C,, then 


TE J. — 105 fe 9 
(138) da No T We | , 
whence 
35 2kT 2kT 
= — — MT — — E 
(139) q = math È = STE 7 Ms pmte(3 ss) 


Thus an electric field produces heat flow additional to that produced by 
the temperature gradient V7. In a steady state no current can flow in the 
direction of the temperature gradient due to this cause, since a secondary 
electric field is set up to balance the flow set up by the temperature gradient. 
Thus, in measuring the thermal conductivity we have a state in which j = 0 
in (131). Thus E = — 3(k/e)VT and substituting in (139) we find 


(140) q=—AVT, 

where | 
5 2 Th? IE 

141 nee i 

À 2 Ms 


We note that d/o = 3(k/e)? T 


16. — Modification due to the presence of the magnetic field. 


In the presence of a magnetic field B the force on an electron is 


(142) F, = 


(EL CPR): 
Ms 


However, since C,-(C,x B) = 0, we cannot proceed as in Sect. 15 but must | 
consider the expression 


(143) L=faS 


848. 
er eu. 
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and substitute in Boltzmann’s equation. This becomes, since C,-(C, x B) = 0, 


(144) (CV + (Fa: Vo,)f? + fC Veg = pit 


where now F,= eE/m,. 
Now assume that 


(145) g= d:C,+ d':(C.xB), 


where d and d’ are vectors perpendicular to B and depending on €, only. 
Substituting in (144) we find 


(0) (0) 
F, of; |- E [d-C,-+d'-(C,x B)|— 


C, 00: 
dae Di fed . (CG x B)— B?C, -d']. 


Equating the coefficients of Cs and (C, xB) on both sides of the equation 
we find: 


F, of? _ eB? 
(0) (0) Se E 1) 
(147) vjo + dal CE da a). 
(148) 0=— fo la es = d | 


Let « — eB/m,, then solving this pair of equations for d and d' and sub- 
stituting in (145) we find 


bas) n= — ea (+ FE) Fara) 
(150) = fo iS 4-5 OUR Y Al, 
where 
(151) A= Vlogf® 4 D FRE = ce Vr— a Fe a VT E. 


Comparing with (122) we see that the presence of the magnetic field can 
be accounted for by replacing the vectors VT and E by 


IL MT 1 HT 
E — — _Bx E 
(152) ae VT B Bx VT, ia ot E B X È 
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respectively. 

Thus a magnetic field reduces conduction in the direction of the electric 
field (or temperature gradient) in the rates 1:(1+@?7*) and in addition causes 
a transverse flow wt times as large. These results are however approximate as 
no account has been taken of electron-electron interaction. 


17. — Correction to the integrals J,, J, Js. 


In evaluating these integrals we have assumed that t was independent 
of C,; this is, in fact, not the case. A reference to Sect. 12 shows that 


(153) t= 203, 
where 
(154) mi - Ee 


FT TéneZ Ÿ In log. a’ 


Thus 


(155) J, =n foxrace, Tr=nfoypac,, J, = nfopac. 


Evaluating these integrals and proceeding as in Sect. 15 we find the ef- 
fective coefficient of thermal conductivity to be 


(156) ga &v3 K&D)I 1 
ness mì log,a’ 


and the electrical conductivity 


(157) _ Oy: _ V3. (EDI 
3kT' me?Z mi log, a” 


Inserting numerical values for the various constants we find 


5 


T: 
(158) A= 1.03-10-12 - 
CE cal/(s deg em), 
and 
bi 
(159) o= 1.43 -10-13 ie - e.mMm;, 
Z log, a 
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18. — The various conductivities. Dissipation of energy. 


The results obtained in Sect. 16 may be derived more simply by consi- 
dering equation (114) 


(160) j+a,rjxB/B = o(E'+ E")=oE,, 


say . 
If E, is parallel to B we have 


= |-(j-B)B+By]=0, 


ixB+ = 


whence (160) becomes 


; er 7 ; 
ie es [B2j — (B-j)B] =j =oE,. 


(161) 

Hence conduction. along lines of force is unaffected by the magnetic field. 
Consider next the case when E, is perpendicular to B so that E,-B=0. Then, 
from (160), 


27 5 B| xB =oE,—o DS ExB_-ogrj. 


x O2 T 
j= ob; — È oE, B 


Since B-j =B-cE,, by (160), this vanishes since B-E,= 0. Hence 


(162) J == CE: + o, BXE;/B, 
where 
Sat HET + TIT id 


Comparing with (131) and (152) we see that we recover the result of sect. 16. 
The conductivities 0, and o, are called respectively the « direct » and « trans- 
verse » conductivities, whilst in (162) the last term represents the Hall current. 
The effect of the magnetic field depends roughly on the magnitude of the 
product ,t, 1.6, on the ratio of the cyclotron frequency to the collision 
frequency 1/7. Thus, if the electrons are able to spiral freely between col- 
lisions, then ar >1, and o,Jo > 1/0st°, so that the direct conductivity is 
greatly reduced. On the other hand, o, /o ~ (0,7)! and, though smaller than 


pa) 
Uni 
an 
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the normal conductivity, is much larger than the direct conductivity. In this 
case the magnetic field greatly impedes the flux of electrons across the field. 
However, if the Hall current is perpendicular to the walls of the vessel con- 
taining the plasma, an electric field can often be set up which prevents any 
further flow of the current. Let the field be ABxE,, where / is a constant 
such that it prevents the flow of the Hall current. The total electric field is 
now E+ABxE, and substituting in (162) and simplifying we find 


(164) j = (0, — 40, B)E,+ 0 È i DA BxEl. 
0B 
Thus if A——o, /(o, B), this reduces to 
(165) ja (o a ZE, Se Ke. 


from (163). 
Again, multiplying (160) scalarly by j we have 


(166) 92 == oj E, . 

But j-E, is the rate at which work is done on the electric current per unit 
volume, and j*/o must therefore represent the heating of the gas by the current, 
the same as in the absence of the magnetic field. 

Alternatively, we may interpret the dissipation of the electric current as 


due to the work done against the collision drag in maintaining the relative 
velocity of the ions and electrons. Thus the rate of dissipation of energy is 


or, by (103), approximately, m,7?/(n,e?t), that is j?/o as before. 


19. — Equation of diffusion. 


191. Plasma at rest and no magnetic field. — In a plasma at rest, equa- 
tions (45) and (57) can be combined in the form 


(167) 


ag — VP, = — mm CG, 
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where E is the electric field and g the acceleration due to gravitational forces. 


Likewise 

d0,C. eE = = 
(168) = 0. ae og — VP. = NyMst—?C, = — 0241, , 
also 
(169) aC, 5 QC: = 0, 


whence, be addition we get 


0 Z0 
17 > 
(170) eE (2 ai 008 — Vp — 0, 
or 
(171) eEln: — Zm) — og — Vp = 0. 


If the plasma is strictly neutral (#; — Zn,) this reduces to the usual equa- 
tion of hydrostatic equilibrium. Since the inertia of the electrons may be 
neglected compared with that of the ions we have, very nearly 


(172) es E HT ce: 
and 
(173) Oo ee) 


by (103). Hence we have, by (172), 


orange nie lo) 
1 + ee — 1: 
(174) ane da E 7É 


Considering the simplest case of all, suppose that at time t = 0 an electric 
field is set up in the plasma. Neglecting all induced electric and magnetic 
fields produced by the changing current, the solution of (174) is 


(175) j = cE(1 — exp [—?/t]) , 


so that j approaches its steady value very nearly within a few collision inter- 
vals. 


192. — If a magnetic field is present, (174) must be replaced by 


oj j x lo) 
(176) T4tLo,jxBB=7E; 


hi 
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the solution of which is 


(177) j = (GE +0, BxE/B)(1 — exp [— t/T]) . 


20. — Vorticity theorems. 


It will suffice to consider the equation for the ions: from (106) we then have 


dc + VAC ds = ¥ 
= ee eal 5 C,xB = 
di ao a m, (E + xB)+g Oot 


Let us suppose that the frictional term on the right hand side of (166) is 
negligible; than introducing the scalar and vector potentials gy, A for the electric 
and magnetic fields we may write (178) in the form 


oe 


(179) p49 (5 mM, Ci + 2ep) + mg — cx (Vx Q,) +2 VP. = 9; 
x 


where we have written 


(180) Q,= m,¢,+ ZeA, 


taking the curl of this equation, we obtain 


0d a \ 
(181) e WR (iy OV (=) x VE 
ot 01 
where 
(182) Q, = Vx Q, = Vxm,c, + ZeB. 


(i) If o, and P, are connected by a functional relation as is usually the 
case, the right hand side of (181) vanishes and the equations reduces to 
EQ, 


(183) n Vx(e,xQ,). 


It follows that the flux of the vector Q,, through a closed curve moving 
with the local velocity of the ions, is then constant, i.e. the «lines of force » 
of the field 2, move with the ionic fluid. But if P, and 0; are not related by 
functional relations, then the right hand side of (181) represents the creation 
or annihilation of these «lines of force». Likewise for the electrons we find 


AQ, 


(184) à *— Vx (6.x) =—V (= -) x VPs, 
Q 
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where 


(185) Q, = VX MC — eB. 


(ii) Supposing that the partial pressures due to the ions and electrons 
are functions of the respective densities, the equations reduce to (183) and 
the like equation for the electrons. It follows that if the flux of the lines of 
force of the vectors Q, and Q, through closed curves moving with the res- 
pective fluids is initially zero, the flux will always vanish. In this case it fol- 
lows that 


(186) Qi = 0, 2, = 0. 


This equation implies that 


= Ze a € 
(187) MCE ei se 
and since 
(188) ea) E j 


0102 (Z/my) + (1/m:) 


we derive from (187) that 


(189) vx (2 if +) eB. 


0102 M: Ma 


This equation holds, for example, in cases in which a magnetic field external 
to the plasma is suddenly set up. Since m<m, we have 00/010, ~ 1/nmz 
so that (189) is approximately equal to 


(190) Vx(j/m) =— B. 


Ms 
Neglecting displacement currents we have also 


(191) VX B= 4nj, 


eliminating B we have 
(192) Vx (VX j/n) =— (4re*/m:)J . 


The solution of this equation indicates that the current falls off expo- 
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nentially from its maximum at surface, the characteristics length being of the 
order of 


(193) | Ms je 


Anne? 


If this distance is small compared with the dimensions of the plasma, the 
currents are confined to the surface layers of the plasma. Such a situation 
arises for instance, during the pinching of a gas discharge. 


(iii) Equation (183) and the corresponding equation of the electrons 
may be expressed in the form 


(194a) isos ane Legna, ci SE LAN N (CBR 
ct Ze t 
(194b) = Vx [Fax (V xe] + VX (GX B) 


From this it is clear that the magnetic lines of force do not move with 
the mean mass-velocity c,. However in a strictly neutral plasma we have 


(195) Na — 20 - 


Also, by (169) 


(196) nym,C, + nm.C, = 0 : 
whence 
(197) m,C, + ZmC = 0. 


It follows therefore that the peculiar velocity of the electron is much higher 
than that of the positive ions. Thus the last term on the right hand side of | 
(1946) exceeds that on the right hand side of (194a), whereas the opposite is 
true of the first terms on the right hand side of these equations. Thus, very 
nearly the first term on the right hand side of (194a) is comparable with the 
second term on the right hand side of (194b) and is therefore larger than the first 
on the right hand side of this equation. Thus very nearly, 


°B = 
(198) a VX(0XxB)— V(C, xB) =0, 
or 
oB 
(199) a V x(x B)=0. 
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The lines of force of the magnetic field may thus be said to move the 
electron gas. Also we have approximately, 


1 m COR - = 

(200) GE (D — & x (V xe = Vx(G xB), 

or using (197) 

} Cer +; = 

(201) Vx (FEO x), = LE vx (6x8) 
ot My 


From (103), neglecting the mass of the electrons compared with that of 
the ions, we can write this in the form 


Ow = 1 
(202) © yo) = VX | jxB), 
01 
where 
(203) @O, = VX ei 


is the vorticity of the ionic flow. In general therefore, the vortex lines do 
not move with the ions unless the right hand side of (202) vanishes as, for in- 
stance, for a force free field. 


21. — Waves in a plasma. 


Oscillations in a plasma may be exceedingly complex and for the most 
part we shall consider only harmonic oscillations. 

There appear to be three fundamental types of waves into which all plasma 
waves may be analysed: 


1) electrostatic waves, 
%) electromagnetic waves, 


3) hydromagnetic waves, 


each of them can only be excited under controlled laboratory conditions. 

The three types of waves correspond to special cases: (1) if E and j are pa- 
rallel to the direction of propagation of the waves we have electrostatic waves; 
(2) if E is perpendicular to the direction of propagation, we have electromagnetic 
waves. But these can only be propagated if the electron density exceeds a 
certain critical value. Finally, (3) in the presence of an external magnetic field 
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and for frequencies small compared with the cyclotron frequency of the 
positive ions we have the case of magneto-hydrodynamic waves. 


22. — Electrostatic waves. 


Two main types of oscillations are possible according as the positive ions can 
be considered to remain stationary or not. In analysing the electron oscillations 
these may be so rapid that we can no longer neglect the inertia of the electrons 
and we must use equation (103). 

Assuming a solution proportional to exp [iwt], the equation becomes 


(204) (iot +1)j= o(E + E°). 
Now 

(205) E"= (1/n,e)Vp. 

and 

(206) Vp,= ykT Vns = — (yk Te) Vv , 


where 4zy is the volume charge density. 
Whence operating with V: on (204) one obtains 


(207) (iot +1)V:j=0 (ia —y se ves) : 
by ed 
ADE 
(208) — iw(iot +1)v = © [tm — y dA Vi») ; 
i Ne 
or 
(209) v(@?p — w? + t/t) — y a Vio = 05 
Ms i 
where ©? = 4ane?/m, is the square of the «plasma frequency ». Assuming a 
solution of the form exp [ikw], we have V? = — X%?, and hence 
(210) w* — imft — wr —y waa ka = 0. 
Me 


If we neglect the effect of collisions and write 


1 2 
wf = oh +p a, 
Ms 


(211) 


the phase velocity 
V= ok = (w2p/k? + ykT,/m,) 
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and in the limit of very low temperature, only one frequency can be excited, 
namely, the plasma frequency, independently of the wave length. This result 
was first given by LANGMUIR and TONKS [11]. The effect of collision is to at- 
tenuate the waves; if w/t is small we have very nearly 


10 


(212) = Ms À (w? = ie 8)? il CASINI di ce 
yk, ; 20(w? — w?))’ 


so that the attenuation factor is 


M Wx 
Cpt sn this | 
QvkT.(w® — w5)*t 
and the wave is attenuated in a distance 


3 
2(ykT,/m.2)* (0° — w5)t/w = 2 (7 =| (1— w2/w?)*t. 


Since (ykT',/m2)* is comparable with the mean square of the peculiar ve- 
locity, the attenuation distance is comparable with a free path. Since the 
oscillations are essentially one-dimensional the value of y can be set equal to 
3 corresponding to one degree of freedom. 

Observations of electron oscillation were first obtained by PENNING [12] in 
1926: more recent work by Looney and BROWN [13] shows that the frequency 
of these oscillations is very nearly equal to the plasma frequency: 


(213) f, = 0, [20 = 8.97 10°} . 


It is not at all clear as to the manner in which the electron oscillations are 
excited; Looney and BROWN have suggested that they may originate in the 
sheath between the plasma and the walls. They also state that the other waves 
are not electromagnetic in origin but are longitudinal pressure waves set up 
in the plasma electrons. This agrees with the above theory. 

We next consider the positive ion oscillations; these are much slower than 
the electron oscillations so that the electron density has very nearly its equi- 
librium value at all times. To simplify the discussion we shall assume that 
the ion temperature is zero. 

It will be convenient to consider departures of the densities of the electrons 
and positive ions from the equilibrium values; since the gas is initially neutral 
these are related by the equation 


(214) Nao = ZNyo « 


a 
10 
o 
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Let », and », denote the variation of the ion and electron densities; let 
also £ denote the mean displacement of a positive ion from its equilibrium po- 
sition. Then », may be expressed in terms of § by means of the equation of 
continuity of the ions 


(215) én,/ét =— V-(n,e,). 


Since €, = 0E/0t, and ny =. +, retaining first order terms only, this 
equation can be integrated to give 


(216) Vy =— Mo VE. 


Also, the electron density attains its Maxwellian distribution at each instant, 
whence 


(217) Va = Ny (exp [eV/KT] —1) , 


where V is the electrostatic potential and 7 the electron temperature. To the 
first order in eV/kT this gives 


(218) Ve = Ny OV [kT = Zn, eV [kT . 
The electrostatic potential satisfies Poisson’s equation 
(219) V2V = — 47 e (y, — 2») 


and since the ion temperature is zero, the equation of motion of the positive 
ion is 


(220) ms =— ZeVV. 
Combining (216) and (218) and writing n for n, we have 
(221) V?V = — 4ane(— VE — ZeV/kT). 


Also by (220) Vx &= 0, whence VV-EÉ= V2&; hence operating with V on 
(220) we find . 


(222) Veg = o3(— VE + Ze), 
where 
(223) wo; = 4ane*/m, , 


thus ©, is the plasma frequency for the positive ions. 
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Considering waves for which &oc exp [i(wt — x/7)] so that 27xÀ is the wave 
length, we find 


(224) = wi/(L + mwa kT) , 
so that the velocity U of the wave is given by 
(225) Ut = (WE |m,)(1/C1 + (2/00), 
where b is the Debye shielding distance, given by 
(226) b = (kT/AnZme?) . 

Let , be the electron plasma frequency given. by 


(227) (dy = (4nne?|m:)* 


then (224) may also be written 


(228) w= w? (e) (1+ A2/b2)-2. 
Mi 
There are thus two distinct cases according as b > À or b< À. In the former 


case, the frequency ©/27 of the oscillation is nearly equal to (Mel) 
i.e. a slower oscillation than that corresponding to electron oscillation. If 


_b<A, then U~ (kT|m,)}} which is the velocity of acoustic waves. In this case 


the positive ion oscillations lose their similarity to electron plasma oscillations 
and change to sound waves. This mechanism depends on the shielding of the 
field of the electrons by the positive ions (since 1>b). When the wave length 
of the waves is less than the Debye shielding distance b, shielding by the elec- 
trons is no longer possible and plasma oscillations result. Such oscillations 
have been observed by HERNQVIST [14]. 


93. — Electromagnetic and hydromagnetic waves. 


We now suppose that a uniform magnetic field B, permeates the plasma 
and consider waves in which the mean particle velocity is transverse to this 
field and dependent only on the coordinate parallel to the field. Let this be 
the z-coordinate of a rectangular system of coordinates O(xyz). Under these 
conditions the equations of continuity of the ions and electrons become 


an 


di +n;V:c,=0, 1 (i=1, 2), 


(229) 
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and since 0/dx, 2/dy are zero operators, and the mean velocity of the particles 
has no resolutes parallel to the field this reduces to dn,/dt = 0. Hence both 
n, and n, are constant and if the plasma is initially neutral it will always 
be so. If Ze is the charge on a positive ion, where e is the electronic charge, 
than 


(230) Ne = ZN; è 
Neglecting collisions, the equation of motion for the electrons is 


de, 1 2 
(23.) er DE NP ee 


where E and B are the electric and magnetic fields associated with the wave. 
They satisfy the equations 


oB 
(2324) Vek, 
ct 
(2325) | Won RE 
c? ct 
where j, the current density, is given by 
(233) j = ne(c; — Ze,) 


if we write n for n,. Let b the be perturbing magnetic field associated with 
the wave so that 


(234) B=B,+b; 
than (232) may be rewritten 
| 
ù ab 1 0E 
235 Valla D adap LE È 
(235) x DE Vxb inj +=; "i 
Operating with Vx on (231) to eliminate the pressure, and using (232) we 
than have 
°c ob 
(236 RD MEI 
) mV x > ae: eVx(e,xB). | 
Writing 
(237) c, = (U, V, 0), Ca = (u, 0,0), B = (b,, by, Bo) 
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- and taking resolutes of (236) we find 


d dv eb eB, ou 
238 O as ee CAN es ee Bo ge 
| FA = ( 02 a) Ma 0? 
(239) 0 cu eb,\ eB, ov 
ot \ dz my Ma 02 


The two similar equations for the positive ions can be derived from this by 
changing the suffix from 2 to 1 and replacing —e by Ze. Writing 


(240) w=utiv, W=U+iV, b=d,+ ib, 


these may be confined into the single equations 


0 [. ow e ob 
241 D pes e I 
Vs (i at +0,10) m, ot? 
0 [.0W Ze ob 
(242) ee Cea o.) M, A? 
where 
(243) Wz = eB./my , WM, = ZeBo|/m, 


are the electronic and ionic cyclotron frequencies respectively. The electric 
field has resolutes (£,, E,, 0) and writing E=E,+iE,, equation (2324) can 
be written 


(244) ag Meee 


- whence Maxwell’s equation (232b) can be written 


ab 1 9E 


Eliminating E between these equations we find 


©2b 
02? 


(246) 


ET [ow ow 1 ©2b 
Ho au gr x) oF Ot 


Using (241) and (242) to eliminate 0W/0 and 00/0 we find finally that 


©2b 02b | Fr AnZne? 02b 


CNP 0 
(247) DE + i(w, — 2 ) pr + oo & eat MU oR?’ 
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where M = m,m,/(m,-+m,). Assuming a solution of the form exp [è(kz+ot)], 
the frequency equation is 


(248) (© — 0)(0 +) = ek) = ojo*, 
where 

. 4nZne? 
(249) =» 


and ©, is thus very nearly equal to the electronic plasma frequeney. The 
dispersion relation becomes 


e? 
(250) 1 Ì La 2 
0? (1—(0,/0))(1+ @,/o) 


The waves are clearly circularly polarized. 


Electromagnetic waves. — If we set B, equal 0, we have the case of plane 
electromagnetic waves propagating in a plasma; since w,— 0 = @,, the frequency 
equation reduces to 

e? 

1 Uv? = ——___., 
ay 1 — @2/@? 

When w<o,, U becomes imaginary and the wave cannot be propagated. 
In this case the wave penetrates some distance into the plasma, but the am- 
plitude decreases exponentially by the factor 1/e in a distance of the order 


2\—# 
(252) a=* (1-5) 
Ap wi 

and if © <©,, than d is very nearly (1/27) X wave length in vacuo. | 
When à magnetic field is present, we must use the dispersion formula (250). i 
Ignoring the motion of the ions, we set ©, = 0 in (250) so that it becomes 
Uta 1 
(253) e ww? L È | 
_ @1+ 0/0 | 
i 


the positive or negative sign being chosen according to the right handed or 
left handed polarization of the waves. Set, 


(254) lai A g= U? x a 1 
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then this relation may be written 


(255) g=14+ 
- and if 8° <1 we have the following 
situation. Large values of # correspond 
to large frequencies so that U— e 
as w—> co, the case of pure electro- 
magnetic waves. For other frequen- 
cies the variation of U will be shown 
in the diagram. 


Hydromagnetic waves. — These are 
characterized by the fact that the 
frequency is small compared with 
the ion frequency. In this case the 
dispersion relation reduces to 


ce? 
Lor 7/0402 x 
Gc? 
~ 1+ 4an(m, + mo) 0*/Bî 


(256) U? 


Since n(m, +m,) is the density 
of the plasma 0, we may write 


2 Li 
Bey 3 = = 3 i 
K? 1 + 47r000*/Bî 


And if K >1, this reduces approx- 
imately to By(4700)7?- 


This type of 


1 
(a + B)(w + 1/8)” 


Tolo 


| 
| 
| 
| 
| 
| 
| 
| 
pre Cr == 
I 
i 
zl 


B x 


| 
| 
| 
| 
| 
| 
| 
| 
| 
Ù 
4 


Fig. 4a.— Graph of the function 2 as function 
of x [see equation (255)]. The physical 
part of the curve corresponds to the upper 
half of the plane (¢>0). The ordinary ray 
corresponds to positive values of x and the 
extraordinary ray corresponds to negative 
values of x. Thus the extraordinary ray 
curve is obtained by reflecting the diagram 
for 2>0 in the z-axis (*). This is shown 
in Fig. 4b. 


Fig. 4b. — Dispersion curves: (i) 
for the ordinary ray; (ii) for the 
extraordinary ray. 


wave was first discovered by ALFVÉN and may 
be regarded as a normal electromagnetic wave in 
a gas of high dielectric constant. It will be noted 
that the wave is circularly polarized. 

We next consider longitudinal hydromagnetic 
waves; we shall suppose that the mean mass 
velocity is parallel to the direction of propa- 
gation of the wave and that the magnetic 
field is perpendicular to this. Furthermore, 
as for acoustic waves we shall restrict the 
discussion to small displacements. Neglecting 
the inertia of the electrons, equation (231) 


(*) I owe this inference to Dr. WEIBEL (see this issue, pag. 58). 
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becomes: 


(258) 0 = — Vp, — me(E + c,x Bi), 
and that for the positive ions 


de, 


(259) as 


= — Vp,+ Zme(E + cx Bb). 


Adding these equations we get 


°C; 


(260) C= 


= — Vp +vE +jxB, 


where » is the charge density and j the current density. However, since both 
v and E are small quantities of the first order, their product is negligible, being 
of the second order. Thus to the first order, (262) becomes 


(261) 


Since we may ignore the peculiar velocity of the ions and electrons, ope- 
rating with Vx on (258) we have 


(262) — me VXE — ne V x (cxXB,) = 0 


or to the first order, 


0b 
(263) De Vx (ey, * Be); 
since V x E=— @b/0t; ce, is the mean mass velocity. Using Maxwell’s equation 
1 0E 

264 = 
(264) Vxb = 4nj bi 3? 
(261) may be written 

© 
(265) 0 = = — Vp dia aly xb— ne xB. 


We must now express the pressure in terms of cy. The equation of con- 
tinuity of the ions and electron gives, to the first order, 


001 00 
(266) Bi LV eo, aa he 
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Whence 
P = Pa + P2=ykT(1+ Z)oolm,, since nm, = Zn, 
and hence 
(267) Pa Gh AED Oe vee bs 


“ot my 


Thus, differentiating (265) with respect to the time we get (ignoring the 
mass of the electrons) 


o? 1+Z ob 1 0? 
(268) Oo ree LITE erg. VV + Vx È 
1 


4x otc? da 


Suppose that the direction of the wave is parallel to the æ-axis, so that © 
is parallel to the æ-axis, and B, parallel to the z-axis. From (263) it follows 
that b is also parallel to Oz and E parallel to Oy and such that their inten- 
sities b, E satisfy the equations 


cb do OE a 
(269) | eb DR: 


Hence (268) becomes 


Be, (1+Z)pkToo co, Bi do Bo PE 
Co gra — m, Ga? | An da? Ano? ot 


(270) 


But from (269) we find easily that 


271 Un 
(271) Te OR? 
whence 

Co _ (IIZIYRI nn 2| 0°00 
(272) ae =| > (aio 
or 

Co _ (14 Z)ykT A ni 0° 00 

Vi?) ce - | LEFT e 


where as before 


AT 00€? 


(274) ect are 
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If this is much larger than unity, then the phase velocity U is given by 


1+Z)ykT | Bi 


~*~ = (1+Z)a + Vi, 
My 4700 


(275) Ue = 


where a is the sonic speed and V, the Alfvén velocity. 

If the magnetic pressure B?/87 is small compared with the gas pressure p, 
the longitudinal wave is essentially an acoustic wave. If B?/82>>p, the velo- 
city of the hydromagnetie waves is the same as that of an Alfvén wave. 

When the amplitude of this new type of waves is sufficiently great,.a 
hydromagnetic shock may develop. 

Finally, the results only hold so long as the frequency of the wave is less 
than the positive ion cyclotron frequency. 
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INTERVENTI E DISCUSSIONI 
— E. WEIBEL: 


When one writes the Boltzmann-equation one usually thinks of a collision term on 
the right hand side and on binary collision. 
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AV HERRARO: 
Yes. 


POCHE. WHIBEL: 


In the gas that you considered this morning consisting of ions, say, collisions are 
rarely binary. The important collisions are the ones which involve many particles. 


— V. FERRARO: 


That is true, but I think you probably know Dr. SPITZER wrote a paper four years 
ago in which he showed that the effect of the multiple collisions leads effectively to the 
same consequences as the binary ones. In other words you can consider binary collisions 
provided you have introduced the right collision intervals. 


— E. WEIBEL: 
Yes, so everything of importance is contained in this relaxation time. 


V. FERRARO: 


Yes, that is one of the reasons why, I prefer to work with this collision interval rather 
than to consider the collision integral. 


— E. WEIBEL: 


The collision term of binary collisions is then really fictitious? 


— V. FERRARO: 
Well, not altogether. I think you can show that it is so in effect, but this can be effec- 
tively equivalent to the multiple collisions. It does not affect the method. 


CH. WEIBEL: 


I have one other question. By your equations the pressure p = nkT. 1 just 
wondered why the Coulomb repulsion did not show up. 


— V. FERRARO: 
Well, it would show up if one were to consider the right Virial term. 


— L. GOLDSTEIN: 

I wish to make one remark regarding the theory which we have had the opportunity 
to more or less check experimentally concerning the electron-ion collision frequeney 
and the relaxation time separately. It seems to us that the theory is verified to a very 
good approximation, probably to about 30%; 80 that the Debye distance does play the 
proper role for the shielding. 


— V. FERRARO: 
That is the distance to take. 
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— L. GOLDSTEIN: 

Yes, and we have also had the opportunity to check the relaxation time 7, by 
determining the deviation from the Maxwellian distribution of the electrons. So I 
think that the theory is in a rather good shape. 


— B. LEHNERT: 

Just a formal question. When you use the Coulomb potential you have to cut off 
at the Debye distance so that the formulas should not diverge. Would it be possible 
to use the potential for which instead you originally include the Debye distance and 
the scattering formula converges when b,..... ? 


— V. FERRARO: 


I think it will come to the same thing. Except that it will make these formulas a 
ittle more difficult. But it will certainly remove the difficulty of the divergent integral. 


— Dr. E. WeIBEL (made the following remarks with respect to the curves on page 53). 


In fact the curves for the ordinary and the extraordinary waves represent one ana- 
lytical function; the part for wich x is positive corresponds to the extraordinary wave, 
negative x to the ordinary one (opposite polarization). So we have the following picture: 
The ranges of x for which 2 becomes negative are the attenuation bands: — (1/fP)<x< A 
for the ordinary wave, 0<x< B for the extraordinary wave. To see the behaviour 
of the following picture: f is the frequency of the transmitted wave, f, is the eyelotron- 
frequency of the electrons, f, is the plasma frequeney. 

The region (1) represents the attenuation band for the extraordinary wave, (2) for 
the ordinary wave. 

One sees that these bands become narrower with inereasing magnetic field. 


— Dr. R. GALLET: 


Remarks that when there is a magnetic field present, the properties of the shock 
are totally different. 
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1. — Introduction. 


Astrophysical research in its most favourable situation consists of a com- 
bination of observational, theoretical and experimental work. Then, the main 
features of an observed phenomenon would form the basis of a theory which 
could be tested in a model experiment where all the parameters of the cosmical 
phenomenon are «scaled down » ina proper way. In the experiment a variation 
of the parameters can easily be performed, which possibility does not exist 
for the corresponding cosmical phenomenon. In addition, even when a com- 
plete theory cannot be worked out, the cosmical phenomenon could be studied 
directly in the laboratory, provided that the correct scaling has been per- 
formed. Finally, there also exist phenomena which may be of astrophysical 
importance and which have been detected in the laboratory before having been 
predicted by theory or suggested by observational results. One such example 
is given by Bostick’s plasmoids (Bostick [15]). 

Unfortunately, the idealized situation of à complete similarity between a 
cosmical phenomenon and its experimental model is far from being realizable 
in the laboratory. The best to be expected is a strongly distorted reproduction 
of the more important properties. This is mainly due to the fact that the scaling 
refers to a very large step in linear dimensions and that the electric con- 
ductivity of the best conductors available at terrestrial conditions is far too 
small for a proper similarity to be established. Even so, the experiments serve 
the important purpose of testing theoretical results which can be extended 
over a long chain of situations. If there is agreement between theory and 
experiment at one end one may hope—at least in some cases—that there should 
be agreement between theory and observation at the other, even if there is 
no direct connection between observation and experiment. 
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In the present discussion and attempt shall be made to examine the pre- 
vailing conditions in a plasma in a magnetie field in cosmical physics as well 
as in the laboratory. Since laboratory experiments are not always made by 
using the collected resources of a power station the discussion will be extended 
to include a partially ionized gas. The physics of such a gas has earlier been 
treated by SCHLUTER [63] and CowLING [20, 21] and has been applied to the 
ionosphere by Lucas and ScHLUTER [47], Lucas [46] and GERSHMAN and GINZ- 
BURG [29], to dissipation in cool interstellar clouds by COWLING [21] and to the 
heating of the solar chromosphere with magnetohydrodynamic waves by Pip- 
DINGTON [58]. At the end of this paper two examples will be given as experi- 
mental illustrations; torsional oscillations in a magnetohydrodynamic « wave- 
guide » representing the non-stationary state and the diffusion of a plasma 
in a cylindrical column representing the stationary state. 


2. — The macroscopic equations of an ionized gas. 


21. The partially ionized gas. — According to the long range of the 
Coulomb forces the interactions between charged constituents of an ionized 
gas predominate over the interactions involving neutral particles, even at 
moderate ionization degrees. Thus, in a great number of astrophysical 
problems as well as in high current discharges in the laboratory the gas may 
be treated as «fully ionized ». When this simplification is inapplicable, howe- 
ver, the ionized gas must be considered as a system of three mutually 
interacting fluids composed of ions, electrons and neutral particles (ScHLÙ- 
TER [63, 64], LUCAS and SCHLÜTER [47], CowLING [20, 21]). 

The basic macroscopic equations of a partially and singly ionized, non- 
relativistic ideal gas consisting of n, ions, n, electrons and », neutral particles 
per unit volume will now be introduced. For the deduction on the basis of 
Boltzmann’s equation reference can be made to SPITZER [67]. Conservation 
of mass and charge is given by 


on; È on, . 
(1) ay Tt div (Mv) = 0, sree div (n.v.) = 0, 
and 
9 ONn | 2 
(2) + div (n,v,) = 0, 


ot 


where Vi) v, and v, are macroscopic mean velocities and indices (i), (e) and (n) 
refer to ions, electrons and neutral particles in the formulae throughout this 
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paper. Conservation of momentum is expressed by 


Ov; 
(3) NM; ar + (v, Vo. = en;(E + v,xXB)—V pit 2nimiv: xQ + 
+ nimi g + Q X (r xQ)] ee NeMMei(Vi Dar Ve) A NiMVin(Un eo Vi) , 
Ov, 
(4) NM Be + Vv. = — en, (E +v,xXB)— Vp.+ mm, XL + 


sa nem g = Q X (r xQ)] su NMVei(Vi Tr Vo) = NeMVen(Vn a Vo) b) 
and 


(5) nm, IF 


gua «Ve. = — Vpn + noms XQ + 


+ Nan] & = Q x (r xQ)| far NMVin(Un al Vi) sa NeMVen(Vn Fo Vo) b 


where m;, m., m, are the particle masses, E the electric field, B the magnetic 


field, p;, Pe) Pn denote the partial pressures, £ is supposed to be a constant 


angular velocity of the entire gas mixture, g the acceleration due to gravity, 
r the radius vector from an origin at the axis of rotation, and Ve, Ven: Vin the 
collision frequencies for encounters between non-identical particles. It should 
be observed that an electron loses approximately all its systematically di- 
rected momentum in one collision with an ion or a neutral molecule, whereas 
an ion loses about half of its momentum in à collision with a neutral molecule 
(Cowzin@ [4]). The factor one half should be considered as included in the 
symbol vin. 

The stress tensor has been approximated by à scalar pressure in egs. (3), 
(4) and (5) which implies that shearing forces due to viscosity have been 
neglected. The physical significance of this approximation can be estimated 
in the following elementary way. Suppose that a particle of mass m, (8 =, €; 1) 
after the end of a free flight starting at a point r has a mean, systematically 
directed momentum m,v,(r) given by the mean velocity v,(r) of the s-th gas 
at the point r. After a mean free path I it collides again at a point r--l with 
a particle of mass m, and velocity v,(r +1). By the collision the loss of mo- 
mentum measured in a co-ordinate system following the mean motion of the 
s-th gas at the point r becomes 


(6) fim, [v;(r) e v,(r+b)] FR fm, [v,(r) dA v,(T) ica (I i V)v,(r)] ’ 


where f is about + and 1 for s=r and s=e, r=1, respectively. The va- 
riation in v, along the distance / due to second order space derivatives has 
been assumed to be negligible in formula (6). In the succeeding discussions 
we shall assume that the mean free path J is much smaller than the cha- 
racteristic dimension over which the mean velocities v,(r) change appreciably, 
i.e., |(L-V)v, (flo |<. Then, the frictional forces are mainly given by inter- 
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actions between the gas components moving at different mass velocities and 
coupled across a single mean free path. Thus, the viscous forces can be neg- 
lected since they represent a frictional coupling between neighbouring layers 
of identical particles; this coupling has to operate across the characteristic 
distance |v,|/|@v,/éx,| in order to be of the same importance as the friction 
between different gas components. One exception may occur for viscous forces 
in the neutral gas when the ionization degree is very low and collisions between 
neutral particles are much more frequent than between neutral and charged 
particles. This special case will not be considered here. 

A temperature 7,, T,, T, is assumed to have established itself for each 
of the gas components so that we may write 


(7) Ps = 1, kT, (sa= 208} 


We shall not deal with the energy theorem in its general form here and 
shall only use the relations 


(8) dp, = Cm,dn, , CO, = (y,kT,/m,)* (s =i, e, n), 


where C;, C,, C, are sound velocities and y;, y., y, ratios of the specific heats. 
Eq. (8) is valid for small amplitudes as well as for motions in a non- 
dissipative medium (cf. LEHNERT [42]). 

Finally, we add Maxwell’s equations 


(9) curl B/un=i + Ba i 
(10) div E = e(n;— n,)/&, 
and 

oB 
11 url E = — — 
(11) cur a? 


to the set of basic equations, where y, and ¢, are the permeability and dielectric 
constant in vacuum. Rationalized MKSA units are used in this tract. 


21.1. Deviations from electric neutrality. — Deviations from 
electric neutrality are now estimated by dividing eq. (3) by n; and taking the 


divergence of the obtained equation 


(12) edivE = e(n,—n,)/e, = m, div È + (vi V)v; 


— e div [v; x (By + b)] + 


AI 
+ div Fe VO) — 2m, div[v; x Q] — m; div [g + Q@ x (r xQ)] + 


è 


+ div 


Ne : 
è MwVei(Vi — vo — div [Min(Un — vi)], 


v 
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- where use has been made of eqs. (7) and (10) and the magnetic field B—B,+ b 


has been divided into one part B, generated by external currents and another 
part b given by currents inside the region to be considered. An equation 
similar to eq. (12) is obtained by division of eq. (4) by n.. To obtain dimen- 
sionless relations the transformations 


(13) | Q0=90, 0, DER PE ioe =t,U, 


are now introduced, where Q stands for any of the field quantities, «, and ¢ 
are space and time co-ordinates. Primed quantities are dimensionless, whereas 
quantities with subscript (c) are constants with the dimensions of Q, x, and t. 
Further, introduce the Debye distances 


Sed A ak Tee 
(14) Hayes ie EE 
the plasma frequencies 
en; L en L 
D Vo lea, tn 
( ) Dp ENT 1/2 W | ? @ EM, 4/2 | ? 
and the gyro frequencies 
| Dio = eBoe/M; = W; [Gio ’ Meco = eBoc]Me == Vel eo ’ 
(16) 
w;= eb,/m, = wila: , wi = eb,/m, = Wf 4, , 


where w, and w, are (3/2)? times the thermal velocities of the ions and electrons 


and 4,0, 40, 4; and a, are the radii of gyration in corresponding magnetic fields. 


The physical significance of the parameters (14) and (15) can be understood 
qualitatively if all charges n, of one sign are imagined to be removed a dis- 
tance x, in one direction inside a limited region. An electric field en,%:/€0 is 
generated and the work performed when the charges are removed up to x, =h 
becomes ¢?nh?/2e). If this work is taken from the thermal energy which is 
imagined to be entirely converted into electrostatic energy we obtain 


(17) en h2|2e0 = $M5kT,, 
which gives a value h of the order of h, (see also SPITZER [67]). From eq. (15) 


we also see that the times 1/w,; and 1/w,, are the times required for a particle 
with thermal velocity to travel the distances h, and h,. The dimensionless 


1 
(SI 
Le] 
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equation (12) is now multiplied by e/e?n; and the following result is obtained: 


| mins milles. 00 di $ 
<= = —— — iv’ [(v;-V)vi] + 
(5) Nic wt. QE ot' LE: i aT ee 
h; Vic . I I 9 h; Vic sof (a D 
LV2 ~ div’ (vx Bi) + V2 È div’ (v; xb’) +3 
dio Write A; Oyibe 


\2 pa Dee 
+ (7) Ae (È VAT) —2 Vie. div! (vi x) — 
- ni 


pil Oni 


di a jag ree Ni Tia 
Shh div’ g' (=) z, div l x (r'x 2)] + 


' 

m n TIA Vie Ne 
| I = Vi | — 

n; 


Mi Nic Wpi Wile ri 
Me Nec Veic Dec 


/ 
_—— +: - div’ VeiVe | — 
Mi Ric pi Wpil Vi 


Vine , 
ri Wpille 


Vine. Une 


O pi TIA 


‘div’ (vinvn) + -div' (Vinvi) . 


A similar equation may be deduced for the electron gas where 


Vide AV” (vv )/(@2,L,) and = »,,,0,, div’ (,,v ‘)/(@? OL.) 
replace the ninth and tenth terms of the right hand member. Further, this 
member should be multiplied by n../n;, the index (e) replace (7) in the remaining 
terms and the two last terms change sign. 

Besides being regarded simply as a transformation to dimensionless va- 
riables, eq. (18) can also be used to estimate the order of magnitude of the 
relative deviation (n, — n.)/n;, from electric neutrality. If all the field quan- 
tities vary appreciably only within the length ZL, and time t, and if this va- 
riation is of the order given by the quantities with subscript (e) all the primed, 
dimensionless expressions will be of the order unity. Then, the coefficients 
of the dimensionless expressions indicate the order of magnitude of corres- 
ponding terms. 

Eq. (18) shows that the deviations from electric neutrality are small when 
the Debye distances 4, and h, are much less than the characteristic dimension 
L, and the plasma periods 1/m,; and 1/0, small compared with the charac- 
teristic time ¢, and the times L./vs, D./Vec, LelUne for matter to pass the dis- 
tance L.. Both in cosmical and terrestrial applications the acceleration due 
to gravity g. is much less than ©},L, and ©7,L, and the angular velocity Q 


much less than the plasma frequencies. Some examples given in Table I may 
serve as an illustration. 


ns do Em 


: 
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TapLe I. — Estimations of the deviations from electric neutrality. 


SEO Tidal motion in Low current High current 
ee eee the ionospheric experiments experiments 
E-region with helium | with deuterium 

M (M?) 10 Om 3: 10% 1020 
Mn (m3) 3- 1023 2-1018 3-1022 = 

Pon (2K) 104 250 800 105 
TAC.) 104 250 5.104 108 
dro) 104 250 300 — 

L, (m) 2-107 2.104 0.1 0.1 

i (8) 6-105 8.7-104 10-4 4-10-3 
v, (m/s) 3-103 1 103 500 

v. (m/s) 3-103 1 105 500 

Une (m/s) 3-103 1 0 Le 

By, (Vs/m!) 10-4... 10-3 6+ 10-5 0.1 0.2 

b,  (Vs/m?) 0.2 10-7 10-4 0.2 

g (m/s?) 274 9.81 9.81 9.81 
OS(s) Seat TLD On” 1:05 108 

r,  (m) 6-108 5-108 0.1 0.1 
alas) 2-109 500 500 2+ 108 
Vine (87) 109 103 3-107 ig 

ene (873) 2: 1010 3-104 3-109 = 

op (8-1) 1010 8-104 2-107 1019 
Ome (Se) Bel 011 ZO? 10° BE LOL 

ki (0) 8-10-7 3-10 10-4 be 10-6 

h, (m) 8-10-7 3-10-3 9-10-4 5- 10-5 
Im, —n,| [Mic 10-17 10-12 10-3 10-8 


The assumption of electric quasi-neutrality is very well satisfied in all 
cosmical applications where phenomena of cosmical dimensions L, are concerned. 
In the laboratory deviations from electric neutrality are negligible in a high 
current discharge such as in Zeta (THONEMANN et al. [68]), but not necessarily 
in low current discharges such as in the subnormal positive column at current 
densities below some 1074 ampere. 

There are, of course, also important phenomena both in cosmical physics 
and in the laboratory characterized by a small scale in space and short scale 
in time. Plasma oscillations or other rapid displacements of charges, some- 
times within distances comparable to h; and h, correspond to marked devia- 
tions from electric neutrality, as is also indicated by eq. (18). Another example 
is given by the thin plasma sheath near a probe or a wall in a discharge ex- 
periment, the sheath thickness being of the order of h,. It should also be 
observed that the quasi-neutral situation, whenever it is indicated by ed. (18), 
makes the approximation n, & Ne possible in eqs. (3) and (4) but that this 


È 5 - Supplemento al Nuovo Cimento. 
(72) 
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does not necessarily imply that one should put div E —0. Even the slightest 
charge separation in a quasi-neutral plasma may give rise to strong electric 
fields. One such example is given by the field arising from ambipolar diffusion, 
which will be discussed at the end of this paper. 

The Debye distance also indicates the distance outside of which the electric 
field of a charge mainly will be screened from the surrounding plasma. A re- 
distribution of charge is made by the thermal velocity and, according to 
eq. (5), the time required for this redistribution within the distances h, and À; 
is about 1/0,; and 1/0,. Evidently, this rearrangement of charges can be 
delayed by a magnetic field and by collisions, provided that these take place 
inside the Debye distances, î.e., when the radii of gyration a; and a, become 
comparable to h; and h, and when the collision frequencies »,;, Vin and ven 
become comparable to ©,; and ©,,. This explains the existence of the terms 
containing v;x B and v,x B and the collision terms in eq. (18). It is also 
clear that a difference in friction forces acting on the ion and electron fluids 
by collisions with the neutral gas could produce charge separation. The terms 
arising from the Coriolis force can be understood in a similar way from the 
analogy between the influence of a magnetic field B and the angular velo- 
city 2. Finally, there should also exist a possibility of charge separation caused 
by the gravitation and centrifugal potential as indicated in eq. (18). This 
effect can be seen in an isothermal, fully ionized, static atmosphere for which 
eqs. (3) and (4) reduce to 


0 = —en,E —kTVn, + nm [g+2x(rxQ)], 
(19) 
0 =— en, E —kTYn,+ nm. [g +2 x(rxQ)]. 


Because of their smaller mass electrons have a tendency to escape more easily 
than ions and an electric field caused by charge separation is needed to estab- 
lish an equilibrium (cf. SPITZER 67, p. 23]). Charge separation by the gravi- 
tation field is, of course, also taking place when div g=0 as indicated by 
eq. (19). The terms containing divergences of the gravitation and centrifugal 
forces in eq. (18) are only terms of higher order. Consequently, the values 
of g. to be put into eq. (18) are less than the surface gravities in the nearly 
homogeneous gravitation fields in the examples of Table I. 


21.2. Reformulation of the basic equations. — Electric quasi- 
neutrality is now assumed throughout this paper by putting n;xn, =n. 
Introduce 


(20) o=Mk+nm,="nm, On=MNnMn, 
(21) VU = (NiM;Vv; + nem,v.)]0 , 
(22) è = e(nwp—— NeW) , 
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(23) a ae 
enm 

(24) no) 
enm 

and 

(25) dd 10% = Pes 


where 0 and ©, are the densities of the plasma and the neutral gas, v the 
mean velocity of the plasma and p the plasma pressure. Substitution of these 
expressions into eqs. (3) and (4) gives 


sera) 


= mE + xB) + ixB— Vp. + 2nmox2 +27 ix + 


0 Me. 
(26) nm 5, ( + ilo) + nm; 


iMe 


+ nmilg +@ x (r x@)] — mee i+ MMV in(Vn— V) i 


pn a | Mea 
pito V v— ile) = 
= en(E + vB) + Mix B— Vp. + ame x Q_2 ix + 


Vint 5 


0 Mi, 
(27) NMe = È aon ilo) + nm, 


MeVei + MiMo . 
pes y 14 NMVen(Un SA v) sa >» Vent - 
€ em 


+ nm,| g+ QX (r xQ)] + 


The sum of these equations becomes 


D 4 Male (i. W)(i]o) = ix B— Vp + 2evXx® + 


a e 
+ ofg + 2x (r xQ)]— oalv — vn) + Bi, 


(28) 


where the derivative d/dt= 0/ét + (v-V) following the center of mass of the 
plasma has been introduced together with the notaticns 


(29) a = (Min + MeVen)[M , B = M,M.(%en — Vin) [CM . 
Eq. (28) can be regarded as the conservation of momentum of the mean motion 
of the plasma considered as one entity. The corresponding equation for a 


fully ionized gas has ‘earlier been derived by ScHLUTER [65] and for small 
amplitudes in a partially ionized gas by Lucas and SCHLÜTER [47]. 


(er) 
= 
a 
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If eq. (26) is multiplied by m./eo and eq. (27) by m,/eg the difference of 
the resulting equations becomes 


mimi(Mmi— Me) 


Go) MP + Vo Roe (We) = 
= Ev On ise = (m.Vp,— m.Vp,) + 
+20 Exe + B(o—v,)— ile, 
where 
(31) y = MM |». + (Fa + a nf . 


Eq. (30) is a generalization of Ohm’s law and can be considered to express 
the conservation of momentum of the relative motion between the ion and 
electron gases. It has earlier been derived by SCHLUTER [65] for a fully ionized 
gas and by GERSHMAN and GINZBURG [29] for small amplitudes in a partially 
ionized gas. 

Finally, conservation of momentum of the neutral gas motion given by 
eq. (5) has the form 


Ov» 
ot 


(32) On 


+ (eV. asa VPn a 20nUn xQ = 
+ ong +Qx(rxQ)]| + ox(v —v,)— Bi. 
The sum of eqs. (28) and (32) becomes 


dv 


mm, 
Car 


(33) 


Has È + (vp Vol a (i-V)(ilo) = ix B—V(p + p,) + 


+ 2(00 + @nUn) X + (0 + ong +2x(rxQ)]. 


When the coupling between plasma and neutral gas is strong so that v & Un 
eq. (33) is suitable for the description of the balance between the total forces 
acting on the gas mixture considered as an entireness. However, in the limit 
of negligible coupling, i.e., when the two last terms in eqs. (28) and (32) dis- 
appear the relation (33) merely becomes the sum of two independent equations 
and it is then preferable to discuss eqs. (28) and (32) separately. 


21.3. Estimations of the conditions in a quasi-neutral gas. — 
Eq. (28) is now transformed to a dimensionless form. The current density i 


is substituted from eq. (9) into eq. (28) which, after having been multiplied 


So 
oO 
ao 
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È by wL./b; becomes 


(34) vello to e (v'-V')v' + De (cono EL, a) 


Vt, ot’ Morel? | cab, dt 
1 D ENT — rae Aen TP) (Bo 
© Figaili veQL, ve ! Le ET ©? ce To fi I I ! 
et? Si ox 2+ 1 og ET RR) — 


Ce LiceVe VE, Hdi Uno tele! Mi Vene = Vine curl bi EL. x OE’ 
y2 ci V2 S È Mm We i code ot' 


where V= d./(uo0.)} is the Alfvén velocity corresponding to the density 0: 
and the magnetic self-field b, and € =1/(w0€0) ) is the velocity of light. Simi- 
larly, eq. (33) transforms to 


V Lic Cv’ vi r ET, Vagli, dvn Vite I TI 
MOV no 


mi e « 9E' 1 EL. 0E' 
SISMA lb! Ses |! b! te 
n SIE (cm b'— aL Ge) vi E cur cib. at ) 


= (cunt b— EL. x (FEB +b") — Pe Viper Vp + 


cib, ot! be] uo 
(AI a ; VOR, lie iaia 
net AI qe eva Fa OS ty eng’ + 
2Lr. Qbr 7 4 3 
i 'Q' x (rx Q') + 4 eo, 'X(r'x Q’) , 


Vi 


where V,=b,/(u00,). Further, we multiply eq. (30) by eL./m;V® and obtain 
the transformed equation 


i E.L. 0E' 
(36) lare (a eurl’ b' Mela Ta sa Te V7) (7 curl’ b'— ) + 


ol, et \o" cibo at! cibo ot! 
nin (cune a È se a 
con 5 (cono pa a) ve curl'b' a) 
= ee È E'+ can |» x (FE B' +4) - 
(12) (rat 200) en +) +f ve 
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L, CE" 
ei. Vip. + 2 = (cub Da a) "+ 


De / Mo We eet.b, et 
ci | sar) DOs 
L Mo (Vene — Vine) Loto 1_Me (one — Vine) Leno 31 _ 
Mm V2 Mm Vv? 
Mm m,\? Mim, 1 EL, SAVI 
RA eae | gg ten ban os 
Se rue (2) Ia arr Pin] Di (cur b cb, è )/° 


Finally, eq. (11) becomes 


E.t eb’ 
url’ E’ A) 
EL. © tar ot’ 


(37) 


In a manner analogous to that used in the preceding Sect. 2°1.1. orders 
of magnitude of the different forces acting on the gas mixture are now esti- 
mated from the values of the coefficients containing quantities with sub- 
script (c). Assuming D, to be the characteristic dimension within which the 
field variables change noticeably eq. (37) indicates that the characteristic 
field E, is of the order d,L,/t. and from this the coefficient of the dimension- 
less displacement current @E'/êt' in eqs. (34), (35) and (36) will be of the order 
of L*/t°c?. We shall restrict our discussion to situations where the phase ve- 
locity L./t. of the phenomena to be considered at least does not exceed the 
velocity of light considerably. This implies that we are going to discuss cases 
where the dimensionless current density term, curl’ b' — (L?/t'c?) 0E'/ot', does 
not exceed unity very much. 

The way in which eqs. (34) and (35) have been written makes possible a 
rough comparison between the electrodynamie force ixB and other forces 
acting on the gas mixture. For phenomena with a small magnetic self-field b, 
compared with the field By, generated by external currents the relative mag- 
nitude of the electrodynamic force is of the order B,,/b,. On the other hand 
the relative magnitude of the same force should be put equal to about unity 
when phenomena with strong self-fields (b, > By.) are concerned. It should 
be observed that the propagation of magnetohydrodynamic waves in an ex- 
ternal field is controlled by the term B,,B,/b, in eqs. (34) and (35) whereas 
the self-field b mainly takes part in the internal pressure balance of the wave. 
In eq. (36) the Hall term, (m;—m,)ix B/eo, is compared with other terms in 
an analogous manner. The examples given in Table I will now be used to 
illustrate the following effects. 


a) «Creeping diffusion» in the plasma. When the difference 
between the non-linear acceleration terms in eqs. (3) and (4) is assumed to 
be negligible, i.e. when 


(38) (oi: Vo, & (v,: Ve, & (v-V)v 
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the plasma is said to be in a state of « creeping diffusion» according to 


ScaLureR [63, 64]. This is equivalent to neglecting the terms in eqs. (28) 
and (30) containing (i-V) and (v -V)(i/o). According to eqs. (34), (35) and (36) 
this is a fair approximation provided that 


b 
(39a) hope | 5 


0c 0c 


(o./o,L.) <1, 


for phenomena with weak self-fields and 


(390) co L<1, voll & 1 

for phenomena with strong self-fields. These conditions are usually very well 
satisfied in cosmical phenomena of large scale, as is illustrated in the two first 
examples of Table II, but it is not necessary that they should always be satis- 
fied to a high degree of approximation in experiments, as seen from the two 
last examples in the same table. « Creeping diffusion » between plasma and 
neutral gas, however, shall not be assumed as a general rule here since weak 
coupling between charged and uncharged particles may occur in some im- 
portant cases. 

b) Inertia forces acting on the currents. The first term in 
the left hand member of eq. (36) can be regarded as an equivalent electric 
field acting on the moving charges and produced by their inertia and is pre- 
sent also when non-linear terms can be neglected. It is negligible in situations 
with weak self-fields when 


(40a) Loweote € 1 


and for strong self-fields when 
(40b) l/ot.<1. 


This situation seems to be frequent in cosmical physics as well as in the 
laboratory. 

c) Coriolis force. When the relative magnitude of the Coriolis force 
is estimated the cases of weak and strong coupling between plasma and neutral 
gas should be distinguished from each other. When both the coupling and 
the self-field are weak (or the influence of the external field is estimated sepa- 
rately) the Coriolis force is negligible compared with the electrodynamic force 
in eq. (28) when 


(41a) v.QL:JVVK1, 


ca 
ive) 
a 
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TABLE II. — Estimations of the relative importance of different effects in an ionized gas. 
Values taken from Table I. 


B. LEHNERT 


| 
Tidal mo- Low cur- | High cur 
S tion in | rent ex- | rent ex 
Different effects tia at |theiono-|periments | periment 
: solar surface spheric with with 
E-region| helium | deuteriun 
« Creeping (b,/Boc)(€2/@ pel?) sù 10-9 10-2 
diffusion» (b,/Boc)(V_-/@e-Lc) — bieb 5-10-7 — 
in the plasma | e2/03,Lî 10-19 — — 4-10: 
vloeL. 4-10-15 — — 1077? 
Inertia forces | 1/moot — 10-4 5-10-7 _ 
acting on the | 1/a,t, Da KL _ — 103! 
currents 
v,QL,/V Vo <= a < 5210 — 
La v,QL,/V? ad La atl < 5107! 
Coriolis force | v,QL,[(1/V Vo) + (1/VaVao)] 12110 10-2 =. = 
v,2QL,[(1/V)? Sa (1/V)?] 10-? 2 ER — 
2/0%0 2-10-14,..2-10-18| 10-12 |< 5-10-14 nS 
Q/o, 10-16 | 6- 10-1 — < 3-104! 
bf g-Li.|V Vo = tes 3-10-18 a 
Gravitation gol] V? + + : 3: 10-10 10-21 
force JeLel(1/V Vo) + (1/VnVno)] 104... 105 | 3-108 La of 
g.L[(1/V)® + (1/V,)?] 102 | 2-108 Val _ 4 
ES - LS 
| pei — — < 3:-10-° — |. 
entrifugal Q°Loro]V? — _ < 3-10 |< 10% 
force Q2Lxr{(1/VVo) + (1/VnVno)] 0.4...4 0.17 ae +210 
Q°Lyr:[(1/V)® + (1/Vn)?] 2-10-3 | 100 Le di 
/ Mi 
Peo | Vela st | e Yenc + ge? 0.5 20 — 
um 
Mim, 
î Ms mi rn | 
Hall term $ 
m,\? | 
o | Veic at (=) Vone =e 1 rca Pr 2-108 i 
MiMo 
+ mM Vine 


= 
La) 
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| where V, = Boe] (14000). When the coupling is still weak but the self-field strong 


the condition becomes 
(41b) vQL/V?KI1. 


On the other hand, the conditions in the case of strong coupling are 


(42a) 0,.QL,[(1/V Vo) + (1/VaVao)] & 1 
and 
(420) v,@L,[(1/V)? + AV PIE, 


respectively, where Vno = Bol (onc)? and the comparison is carried out between 
the forces in eq. (35). 

Finally, the influence of the Coriolis force on the motion of the moving 
charges in Ohm’s law (36) can be neglected if 


(43) QlooK1 and Q/oa,<1 


in cases of weak and strong self-fields, respectively. 

This latter situation is likely to be true both in cosmical physics and in 
experiments as is also illustrated by the examples in Table IT. However, in 
some cosmical applications, such as the propagation of magnetohydrodynamic 
waves in the sun (LEHNERT [40, 41]) and tidal motions in the ionosphere 
(Lucas [46]), the Coriolis force plays a role in the balance expressed by 
eqs. (28) and (33). When the influence of the Coriolis force on the propagation 
of magnetohydrodynamic waves in an external field is treated conditions should 
be examined with eqs. (41a) and (42a). To realize situations in the laboratory 
with detectable magnetic fields and important contributions from the Coriolis 
force at the same time seems to be very difficult with ionized gases. With liquid 
metals, however, this situation is obtainable. 


d) Gravitation and centrifugal forces. Conditions for the gra- 
vitation force to bo negligible when the coupling between plasma and neutral 


gas is weak are 


(44a) g.L.[VVo<1 
and 
(440) geLe]V? 1 


with weak and strong self-fiedls, respectively. Strong coupling results in the 


Uni 
oO 
(7.5) 
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conditions 

(45a) GeLe[(1/VVo) + (1/VnVno)] <1 
and 

(455) gL:[(1/V) + (1/V]K1. 


Equivalent conditions are obtained for the centrifugal force; 


(46) QLeJY<l, 

(465) QLrJV?<K1, 

(47a) Q°Lore/[(1/VVo) + (1/VaVao)] 1 ; 
and 

(47) Q*Lor:/((1/V)® + (1/V]K1. 


The examples of Table II indicate that these forces often have to be taken 
into account in cosmical physics but can be neglected completely in gas dis- 
charge experiments, (*) when the plasma does not rotate with higher angular 
speeds than about 10 s-1. 


e) The Hall term. The term containing ix B in Ohm’s law (30) 
gives rise to an electric field which is perpendicular to both i and B. As seen 
from eq. (36) it can be neglected besides the dissipation term yi/o when 


m;\° mim, 
(48a) oro] pu + (=) Venc + Tag” rine < 1 bj 


and the self-field is weak. When the self-field is strong the corresponding 
condition becomes 


m;\? Mim, 
Veic + (7) Ven e PARI Vin < 1 . 


m 


(48b) Di / 


This implies that the mean free path of an electron should be much smaller 
than the radius of gyration. In the four examples of Table II the Hall term 
is of importance, but there could easily be found examples both in cosmical 
physics and in experiments where the opposite is true. 

The possible existence of force-free magnetic fields (LUNDQUIST [49, 50] 
and LUst and SCHLÜTER [51]) should not be forgotten in connection with the 


cI Note added in proof: An exception is given by the homopolar experiments 
(Project Sherwood, Ed. by A. S. BISHOP, Cambridge, Mass. 1958) where rotation is 
produced by crossed electric and magnetic fields. 
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estimations made in this section. Even if b?/u, is large compared with other 
characteristic mean values such as p, and p, the electrodynamic force may 
be of the same order of magnitude as the pressure gradients when i and B 
are almost parallel. For such fields estimations carried out by means of 
eqs. (34), (35) and (36) give too high values of the electrodynamic force i x B. 
For a more detailed analysis of the remaining terms in egs. (34), (35) 
and (36) we shall turn to a simplified analysis in the succeeding sections. 


92. Plane disturbance for small amplitudes. The discussion will now be 
limited to phenomena which can be studied in gas discharge experiments with 
reasonable efforts. Thus, we are going to neglect the Coriolis, gravitation and 
centrifugal forces as well as the inertia acting on the currents. Further, suf- 
ficiently high charge densities and small amplitudes of the velocities v, v, 
and the induced fields b and E will be assumed to justify the assmuption of 

«creeping diffusion » and to neglect all non-linear terms. Eqs. (1), (2), (28), 
(30) and (32) reduce to 


4 ER 3 MITI Cos 

(49) div v iù “a? e n 
SO: : 
(50) 003 = ix Bo — 0?Ve — eox(v — Vn) + Bi, 
61) vil = Et vx By — it x By + TE (C8 — 0)Ve + Blo») 
€00 Emo 
and 
CVn 2 : 

(52) Ono ri ia CaVon + 0o%(V aa Vn) a pi , 


where 0 and 0, now indicate the deviations of the densities from their static 
_ equilibrium values, 00 = MN and Ono = MnNno; and 0, Should be used in the 
expressions for «, f and y. 

The physical significance of the terms containing x and B in eqs. (50) and (51) 
is obvious. Suppose that v = v, at à certain instant. The sum of the fric- 
tional forces acting on the ion and electron gases together then becomes pi 
which gives a net force when vx and the drags on ions and electrons 
differ. Now, suppose instead that i—0 so that v;=v,=v#v,. Then, 
the sum of the frictional forces on ions and electrons becomes — @o%(v — Vr). 
Tf i has to vanish for all times ¢ an electric field E must be present which 
equalizes the accelerations enE|/m; +2 in(Un— V) and — enE|m,+ Men(Un— DV). 
This gives E=—f(v— v,). 


224, The coupling between plasma and neutral gas. — A plane 
disturbance where all field quantities vary as exp [jot+jx2] is the simpliest 
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case to be studied. From eq. (49) is obtained 
(53) o=— QoX0,]® , = On — Qn0%0nz]@® - 


The second of these relations is substituted into eq. (52) 


j EN i 

(54) Pr 1550 0,05/U9)F 2g 1+j1— du U?)F ? 
where 

(55) F = ©On0/00% - 


U= «w/x is the phase velocity, s= #, y, e and 6,,=0 for s#2 and 1 for 
s=z. The velocity of the neutral gas is eliminated from eqs. (50) and (51) 
by means of eq. (54) and for the balance of forces acting on a fluid element 


5 On0/00 Ba 4 LA 
(56) 1000 Ê SE 1 = ft raed sal l xB, + 


2 
» OnoOn 


. A A È 
Tide Ta lc» | 14-j(1— 6,.05/0*)F 


1+1;j(1— d,0%/U9)F°' 


È 


If the pressure terms containing C and €, and the term with f are neglected 
in eq. (56) and if m,v,, is dropped in the expression (29) for « this result agrees 
with an earlier one derived by PIDDINGTON [51]. With the same substitutions 
Ohm’s law becomes 


i B?læx : de Mi — Me È 
(57) ¥— itd 8.00) i/o = E+vxB,—— PA -ixB,— 
sa mm, Ci, po. Bub see 
ES Te 1+1/j1—6,,07/0*)F °° 


These results have been obtained without making any assumptions about the 
displacement current. 

The physical significance of eqs. (54), (55), (56) and (57) can be understood 
in the following way. The coefficient « defined by eq. (29) can be regarded. 
as the « collision frequency » between the plasma and the neutral gas. Within 
a period 1/m of the phenomenon in question «/w such « collisions » will take 
place. Since the relative number of ions compared with neutral particles is 
0o/Ono the neutral gas will be accelerated to the full velocity of the plasma 
well within the period 1/m provided that («/@)(Qo/@no) = 1/F >1. Consequently, 
the parameter /’ is connected with the coupling between plasma and neutral 
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gas. To discuss the results more in detail attention will be paid to the fol- 
lowing limiting cases. 


a) Strong coupling. The factor containing C?}U? in front of the 
parameter F is first discussed. For motions where C?/U?< 1 the «rigidity » 
of the neutral gas is small. If, at the same time, F< 1 the plasma will be 


strongly coupled to the neutral gas which will move nearly with the plasma 


mean velocity, apart from a small motion caused by the difference in the 
friction with the ion and electron gases as shown by eqs. (54) and (29). This 
is also expressed by eq. (56) which shows that the whole gas mixture will 
move as one entity consisting of the total mass 004 Ono and with a mechanical 
rigidity given by pressure fluctuations due to the total sound velocity 
(000° AP Eno0r)*/ (00 + Una) è 

On the other hand, if C?/U?>1 this will have a decoupling tendency 
since the neutral gas will be «rigid » and will oppose motions introduced by 
the plasma. The net result will still be a strong coupling also for compression 
waves (m=) provided that the momentum exchange expressed by is strong 
enough to make (02/U?)F<1. 


b) Weak coupling. When the momentum exchange between plasma 
and neutral gas is small Y>1 and the coupling is necessarily weak as 
shown by eq. (56) which indicates that the plasma moves without influence 
from the mass and pressure of the neutral gas. As shown by eq. (54) this also 
implies that the neutral gas is unable to take part in transverse motions 
(m~z) as well as in compressive motions (m=z) with phase velocities dif- 
ferent from C,. It may, of course, move with its own velocity of sound Cs 
according to eq. (52) but is effectively decoupled from the plasma motion and 
acts only as a frictional brake on the latter. 

Consequently, the general conditions for strong and weak coupling are 
(1— 6,,027/U?)F <1 and >1, respectively. 

In Table III the coupling has been estimated for a number of situations 
in cosmical physics where partially ionized gases have to be taken into account 
(PIDDINGTON [58], PICKELNER [55], CowzinG [21]). Data have been taken 
partly from the works by MINNAERT [53] and ALLEN [2]. The order of the 
phase velocity U of a phenomenon has been defined as L,/t, or as Bo/ (11000)? 
and Bo/[uo(00 + Ono)? when magnetohydrodynamic waves are concerned. In 
cases where ©, does not exceed U considerably, as in the examples of the 
present table, the coupling is given by F and defined as strong, intermediate or 
weak when F<1, Fa 1, and F>1, respectively. The characteristic velocity 


(53) U; = 00 xLe/Ono 


corresponds to #=1. When U<U, phenomena of the dimension J, 
have a strong coupling between plasma and neutral gas, when U> U, 
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TABLE III. — The coupling between plasma and neutral gas. 


| 


Giant pulsations Magneto- 

Photo- Magnetohydro- | in the F,-region hydrodynamic | 
Spherie | dymamie wawes | Outside | Inside | waves in cool | 
CASE za i fone i auroral | auroral interstellar 
lation chromospher + al Pte alouds 

No (m-3) 3-1019 510 | 21011 5- 1013? 105? 

me, ln) 3+ 1022 1018 | 3-10 | 3-101 108 

T,RT,R Tr (°K) 4700 5000 600 600 100 

a]nno (18/8) 10 1052 10235 10 2-10-8 

Li (m) 106 10 105 10° 1017 

t, (s) 240 + 100 100 | — 

Bye (Vs/m?) | 10-4... 10-3 |5-10-4...5-10-2 | 6-10-5 | 6-10-5 10-9 

O, (m/s) 6.2: 105 6.4: 108 400 400 103 

U (strong coup- || 104... 106 2-108 

ling; m/s) : 
U Fe Won) | 4-108 2-105...2-107 i Li) 7-104? 
ling; m/s) | 
U, (m/s) 3-101 5-108 20 50002 107 
coupling strong intermediate weak inter- strong? 
mediate? 


the coupling becomes weak. The situation of an almost completely ionized 
gas with weak coupling is not impossible. 
few neutral gas particles present collide too seldom with the plasma to be 


accelerated to the velocity of the latter within the characteristic time. 


This only implies that the very 


This 


is possible at low gas densities. The ratio x/ono in the expression (55) for F 

is a relatively slowly varying function of the temperatures. 

it is therefore easy to realize both the situations of strong and weak coupling 

by adjusting the frequency or the plasma density properly. The latter adjust- 

ment can be done, e.g. by variation of the discharge current. 
The following notations are now introduced, 


(59) 
(60) 


(61) 
and 


(62) 


Pa = BI [1 ta 1/j(1 — 6.,0,0?)F] ; 


A, = {y — (8*/0)/[1 + j(1 — 6,.07/0*) FJ} M000 


d,= d,omm.(C° — O?)/emU?, 


Ox = 001 — da: 0°/U? + (Qn0/00)(1 — bs2/0;/U*)/[1 + j(1— 6,.02/U2) FJ} 
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which have to be considered as operators acting on the vector components. 
Eqs. (56) and (57) become 


(63) joo,” = ix By + byt 

and 

(64) podi = E + vx Bo ix Bo + (Ba — 104) - 
ACAI) 


A, can be regarded as a generalized « electromagnetic viscosity » having the 
values 


(65) ie (0) == À (P<K 1) = [Mei - MY in M Ven] (NV in + Men) || Mole?” 
and 


(66) A, (Co) =A, (F >1) = m [vex + (m;|M)2¥en + (Mime/M® vin] Moe? 


in the limits of strong and weak coupling, respectively. The conductivity 
1/u,4,(0) given by eq. (65) has earlier been discussed by SCHLÜTER [54] in à 
study of the situation (v, :Viv, & (v:V)v, i.e., when the plasma and the 
neutral gas are coupled strongly and v, differs little from v. The results are 
physically plausible. In the low frequency limit and for large values of at. 
least one of the collision frequencies »,, and »,, the coupling becomes strong. 
If then, e.g., the electron gas is assumed to have no frictional couplings at 
all (v.; = Ven =0) the electron current will not be braked and the conductivity 
1/usì, should be infinite as indicated by eq. (65), but not by eq. (66) which 
is inapplicable. On the other hand, in the high frequency limit and for mode- 
rate values of the collision frequencies »;, and »,, the coupling becomes weak. 
Assuming again, that the electron gas has no frictional couplings the electrons 
will, contrary to the low frequency situation, still be coupled electromagnetically 
with the ions. Thus, the system will be damped by the friction between ions 
and the neutral gas as indicated by eq. (66), but not by eq. (65) which is in- 
applicable in the high frequency limit. 


22,2, The dispersion relation. — Introduce the notations x = (0, 0, x) 
Vi = B./(t004); eBy|(m;— m.)=@, and write eqs. (9) and (11) in the forms. 


(67) i = jxx bly — 10E/uoc? 
and 
(68) LEE cs 


v is now substituted from eq. (63) into eq. (64) and i and b are written in 
terms of E by means of eqs. (67) and (68). After some straightforward deduc- 
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tions the result becomes 


DÀ Vi Pala rita 
(69) Née È Pale) E+ 
Vie BPs del Oh ta SNA 
rl i a DE 
VAE 70, Vale) 2 E B| 
La B, Pro a | E+ pe * X( X#)|X | + 


72 o A 
x [PE | BB. FRED] > 


Vi B ne de ES 
La aes B,=0, 
+ = | E+ ark x(Exa)} x 0 


where & and B, are unit vectors along x and B,. Eq. (69) gives the dispersion 
relation for a plane disturbance. 
Only a few special cases will be studied in detail here. 


a) No neutral gas (0,9 = 0), no dissipation (v.; = 0) vanishing sound ve- 
locities (C; = C, = 0), B, along the z-axis and low frequencies (© € ©). 
From the first and fourth terms of eq. (69) the phase velocity U reduces 
to the well-known result 


(70) U? = c°Vî/(c* + V5) 


first derived by Astrém [3]. 


b) The displacement current is neglected (cè >U?, Vi and Vî), low 
frequencies (m<@ and #%,/By = 6,.(m,/m)(O% — O%)(1/U2)(@/@o)< 1) and B, 
along the y-axis. 

From eqs. (69) and (59) two sets of solutions are obtained. The first has | 
an electric field E, along the magnetic field. It is of no special interest here, 
whereas the second set with the fields Æ, and E, corresponds to 


[ATI Vi at @ B?/a 
o © Tie 
1— 03/02 605 j 
(B/Bo)? V5 
1L1/iFy Ono/ Co : 
a+ am (1 + ie 


We now introduce the notation U=P+jQ, where P and Q are real. 
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When the coupling is strong and the dissipation relatively small ed. (71) gives 


aa doVi + 000° + On00n 4 que 1 Lo Vi 


(72) Pa À 
00 + Ono 2 09 + Ono Pa 


Aesg(0) 9 


where the «effective electromagnetic viscosity » is 


(73) ja (0) = 24(0) + (22) PAP — Cla, 


the first term being given by eq. (65). From the values of P and Q the damping 
distance 2 = (P?+Q?)/wQ can be calculated. 
If instead the coupling is weak, e/o <1 and p/Byx<1 eq. (71) tends to 


wVî 


(74) Pi VitO | Q = pill. 


In more complicated situations the phase velocities and damping distances 
should be calculated directly from eq. (71). The phase velocity given in eq. (74) 


agrees with that earlier obtained by DE HOFFMANN and TELLER [32], HER- 
LOFSON [31], and VAN DE HULST [33]. 


c The displacement current is neglected, (/B) <1, vanishing sound 
velocities, B = (sin +, 0, cos y) where y is the angle between B, and the 
Z-axis: 

The dispersion relation is obtained from the first, second and fourth 
terms of eq. (69) and becomes 


Wo Co 


2 } 
(a) U2 = (00/04) Vi i cx : sin? y + li sini y + (2-2) cos? v| Hole 


A similar situation has been studied by PIDDINGTON [57, 58], who neglects 
the influence of the neutral gas on Ohm’s law (51) and drops the term bi in 
the equation of motion (50). This corresponds to 4, = MMei|oen and with 
this value of À, eq. (75) becomes identical with PIDDINGTON’S result. 


d) The displacement current is neglected, vanishing sound velocities, low 


frequencies (© € o); B, along the 2-axis. 
The dispersion relation is obtained from 


(76) (B,, B,, E.) + (VBA "Be — joi, [0° — V4/U®ME, By, 0) + | 
DAI 


6 - Supplemento al Nuovo Cimento. 
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It should be observed that £, and €, are linked together by the last term in 
eq. (76) which contains 6. This is physically plausible since eq. (76) gives rise 
to a transverse, plane-polarised Alfvén wave in the non-dissipative situation. 
If this wave has its velocity v in the y-direction, current will flow in the #-di- 
rection. Consequently, if collisions are introduced as a perturbation egs. (50) 
and (51) show that the current produces a net drag in the x-direction and the 
velocity an electric field and an additional current in the y-direction when 
B#0. Eq. (76) gives the dispersion relation 


NOI 


ne EU 1+1/jF 


Vi | 


== —~ 2 3 pel RA i iF 4 dei 
1 + (no/@o)/(1 + jF) [+ job B?/a(1 + 7F) }/ moe 


For strong coupling and small losses we have 


(78) P* = Va0o/(00-+ 000);  Q = 55 Are(0), 
where 

| A LE 
(79) Zul0) = 2,(0) + (te) Vila 


This result is identical with that obtained in a different way by CowLING ([20] 
p. 121) who assumes that the constituents of the gas move with small rela- 
tive velocities, 7.e., the coupling is assumed to be strong. 

For weak coupling, «/o<1 and £/B,<1, the corresponding result be- 
comes 
a2) 


(80) EMSC Vong Sad 


A,( 00) . 


The phase velocities in eqs. (78) and (80) correspond to transverse Alfvén 
waves with and without the neutral gas taking part in the oscillations, respec- 
tively (see also ALFVÉN [1]). 


22.3. — The electrical conductivity in a magnetic field. Ex- 
tensive discussions have been devoted to the electric conductivity in an ionized 
gas in a magnetic field. A great number of investigators have preferred to 
generalize Ohm’s law to a form 


(81) i = 0(E' -B)xB + o,Bx (E'x B) + o,(BxE’) 
expressing the relation between the current density i and a total effective 
electric field E' in terms of the parallel, cross and Hall conductivitities Oo, Gy 


‘and o,. Such an approach could easily have been used here, e.g., by solving 
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4 explicitely for i in eq. (51). One important question which immediately arises 
is how the conductivity coefficients in eq. (81) are connected with the rate 
of dissipation i2/o3, i.e., how an «effective » conductivity 03 should be defined 
> in terms of o,, 0; and o,. Another question intimately related with the former 
concerns the form of the effective field E’ to be put into eq. (81). A binary 
fully ionized gas was treated by CowLING [19] who found that 03= 0, + 02/01 
was the value to be used and showed that 0, became equal to the parallel 
conductivity o). This result is also obtained from the effective conductivities 
determining the dissipation lengths in eqs. (72), (74), (78) and (80) in the 
previous examples. By using the basic equations for the ion, electron and 
neutral gas fluids and by skilful manipulation with equivalent electric fields 
ScHLiTER [62, 63] in certain cases came to the conclusion that the conduc- 
tivity oo was determining the rate of dissipation. He criticized the interpre- 
tation of eq. (81) as expressing a reduction of the electric conductivity across 
a magnetic field. This introduces unnecessary complications which can be 
avoided by using the basic equations for the gas fluids without application of 
an explicit expression for the current density such as eq. (81). 

In a partially ionized gas o, will differ from ©, as pointed out by BAKER 
and MARTYN [6]. The increased dissipation caused by friction between plasma 
and neutral gas was shown by PIDDINGTON [56, 58] to be of importance for 
the damping of magnetohydrodynamic waves in the solar chromosphere and 
by CowLIna [20] for the decay of magnetic fields in cool interstellar clouds. 
Thus, for a partially ionized gas dissipation is actually increased by a mag- 

netic field (cf. also SCHLÈTER and BIERMANN [65]). 

Both Pippineron and COWLING assume that the gas constituents move 
with small relative velocities. In the examples given by the two first columns 
of Table IV the coupling is seen to be strong (F<1) and such an assumption 
becomes justified. For plane disturbances we then arrive at the expression (79) 
for the electromagnetic viscosity when pressure effects are neglected. This 
expression is used by Cow Line and also by PIDDINGTON in a reduced form 
where the ionelectron collisions have been neglected (y,; = 0). The sound 
velocities are about © = C, =6400 m/s for the chromosphere and C=C, = 
— 910 m/s for cool interstellar clouds. For compressive motions eqs. (72) 
and (73) should be used instead of eqs. (78) and (79) and P=7-10* m/s‘ 
Au = 2:10 m2/s and P — 2-10° m/s, 2, = 4 -1011 m2/s are the values to replace 
those given for incompressible motions in the two first columns of Table IV. 
A comparison between the values of A, (0) and À, given here supports the 
conclusions earlier drawn by PIDDINGTON and COWLING about the increased 
dissipation in the chromosphere and in cool interstellar clouds. The values 
adopted for the chromosphere in Table IV are of the same order of magni- 
tude as those used by PIDDINGTON. Recently, BIERMANN and LÜST [9] have 
reconsidered this situation, especially for somewhat lower frequencies where 
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the damping becomes less important, as is also seen from eqs. (72), (73), 
(78) and (79). 


TapLe IV. — Phase velocities and damping distances of transverse magnetohydrodinamie 
oscillations. Values taken from Tables I and III. 


| Magnetohydrody- 


| Giant pulsations in the 

| namic waves in Magnetohydrody- a na Pre «region LE 

| à namic waves in | 

| a A | cool interstellar | Outside Inside 

|. granulation) clouds ‘auroral zones |auroral zones 

TRO PSI ati 

Li (m) 108 | 1017 | 105 105 
a) (s-1) 0.1 107 | Ge 6-10- 
By (Vs/m?) 5-10-4 10-9 6-10-5 6-10- 
Voi (81) | 3: 105 | 2107 200 5-104? 
Vin e 103 2-10-8 2 2 
Ven (s-1) | 6-104 4-10-5 | 1.3-103 1.3-108 
B (Vs/m?) 3-107 2-10-77 7:10-9 7-10-9 
F 0.02 0.01? 300 1? 
UA (m/s) 105 7-101? |. 7108 4-10? 
1,(0)  (m2/s) 103 5-105 | = 3-104? 
Ay (co) (m?/s) = De 2-105 i 
EP (m/s) 104 2-103? 104 5.103? 
2nP/oL, 0.6 0.6 14 5? 
FER (m?/s) 2-107 2+ 1017 1011 5+ 1082 
Zo (m) 10° 2- 1018 8- 10° 241077 
Bo) Ls 10 20 0.08 2? 


The last two examples given in Table IV refer to giant pulsation in the 
ionosphere. It has been suggested that these pulsations could be caused by 
magnetohydrodynamic oscillations which may exist inside the auroral zones 
where the ionization degree is increased by the auroral discharge, but not 
outside of the same zones under normal ionospheric conditions (LEBNERT[42, 43]). 
PICKELNER [55] has pointed out that the coupling between plasma and neutral 
gas may be too weak to cause the gas mixture to oscillate as an entity. From 
Tables III and IV this criticism is seen to be justified, at least when motions 
outside the auroral zones are concerned. However, inside the zones a hundred- 
| fold increase in charge density could make possible oscillations which are ex- 
cluded, neither by too small relative damping distances @/L., nor by too 
long relative wave lengths, 2xP/wL,, for a phenomenon of « ionospheric » 
dimensions. 


A discussion of the damping of plane waves under experimental conditions 
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will not be performed here. Instead, the question about dissipation in labo- 
ratory phenomena will be treated in some specific cases in the next section. 

Finally, to sum up the results of this section, the dispersion relations ob- 
tained from eq. (69) are applicable to any phenomenon which can be treated 
in terms of plane partial solutions. The results obtained give the dissipation 
and the effective electrical conductivities, and it has been shown that earlier 
derived results by COWLING, SCHLÜTER, PIDDINGTON and others are included 
as special cases. The results obtained by these authors apply either to fully 
ionized gases or to partially ionized gases where the plasma is strongly coupled 
with the neutral gas. However, they are not applicable when the coupling 
is intermediate or weak, and some of the earlier derived formulae for the 
conductivity have to be modified by pressure effects also in the case of strong. 
coupling, as shown, e.g., by eq. (73). 


3. — Experimental investigations of the plasma. 


31. Summary of the methods of measurement. — To give a complete description 
of all possible methods of exploring a plasma experimentally would not be 
within the frame of this paper. For a more complete treatment of this subject 
reference can be made to textbooks on gaseous discharges asuch as Handbuch 
der Physik (FLÜGGE [28]) and that by von ENGEL and STEENBECK [25]. In 
particular, when discharges with a magnetic field are concerned the litterature 
is not too extensive; contributions by GUTHRIE and WAKERLING [30], LANDS- 
HOFF [39], BICKERTON and von ENGEL [7, 8] and THONEMANN et al. [68] may 
be mentioned. Only brief comments will be given here to some important 
problems. 


81.1. Measurements of «external» parameters. — One of the 
main difficulties in making measurements of the properties of a plasma is to 
avoid the measuring device from interfering with the quantities to be measured. 
Therefore, the simpliest way to study a plasma is to measure its «external » 
parameters such as the total current, the total potential drop and the observed 
shape of the discharge. A number of examples may be mentioned. 

In a discharge which takes place along a magnetic field, as well as in ab- 
sence of a magnetic field, the mean charge density can be determined from 
the total current and the potential drop in the plasma column when the mo- 
bility is known and the magnetic self-field can be neglected. 

In the diffusion experiment described later in this paper the balance 
between charge production by ionization and charge losses by diffusion to 
the walls can be studied from the potential drop along a plasma column. 

Changes in the state of motion of a plasma column are often reflected in 
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changes in the total current, the potential drop and the visual diameter of 
the column. Examples are given by oscillations of a pinched discharge and by 
plasma oscillations or « electromagnetic » turbulence. The latter phenomena can 
be detected by studying the noise in the potential drop across a resistor which 
carries the total discharge current. 

In high current discharges the variations of magnetic field strengths can 
be estimated from the cross-section of the discharge when the magnetic field 
is assumed to be «frozen» to the gas. Balance between electrodynamic and 
pressure forces leads to an estimation of the temperature when the total current 
is known. When highly ionized gases with «frozen » fields are studied one 
should not exclude the possible existence of phenomena which may take place 
inside the gas without producing any detectable changes in the surroundings. 


301.2. Probe measurements. — The measuring technique developed for 
electric probes in a plasma in absence of a magnetic field is well established 
and may be used to determine the plasma potential, the charge density and 
the ion and electron temperatures by messuring the current to the probe as 
a function of its voltage. The probe theory has been developed under the 
assumption that the mean free path is much larger than the probe dimensions 
and the thickness of the probe sheath, which is of the order of the Debye dis- 
tance À, for an isolated probe. It has been shown by Boum [12] that the probe 
sheath will be stable when there is a weak electric field penetrating through 
the plasma edge and causing ions to reach the probe with a mean energy cor- 
responding to half the electron temperature 7,, and not to the ion tempe- 
rature 7, which may be much less than 7; in low current experiments. 

However, when a strong magnetic field is introduced the situation becomes 

. complicated as soon as the radius of curvature of the electron motion in the 
magnetic field becomes comparable to the probe dimensions and the Debye 
distance. How the probe behaves under such conditions has been investigated 
in some details by BICKERTON and von ENGEL [ 7, 8]. In any case an isolated 
probe should be charged negatively if 7,> T;, even if the electron mobility 
is smaller than that of ions when the magnetie field is present. This is seen 
if the probe is assumed originally to be unchanged and placed in a plasma. 
At the first moment particles will hit the probe surface with their full thermal 
velocity regardless of the magnetic field being present or not. This will give 
an electron current to the proble which is greater than the corresponding ion 
current. A simplified theory has been developed by BoHM, BurHoP and 
MASSEY [13] which is applicable when the Larmor radius of the positive ions 
is large compared with the probe dimensions. Then, the ion current can still 
be used to determine the charge density by the theory developed in absence 
of a magnetic field. 


Magnetic field changes in the interior of an ionized gas which cannot be 
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detected by external indicators, can be studied by means of probe coils. 
When the conductivity of the gas is high and the magnetic field practically 
«frozen » to matter care is necessary in the interpretation of the measurements 
in order not to conflict with the theorem by Bonpi and GOLD [14]. 


31.3. Spectroscopic measurements. — Broadening of the spectral 
lines in a gaseous discharge may be caused by the Stark, Doppler and Zeeman 
effects. A broadening of the Balmer lines can occur in the electric fields from 
the charged particles and can be used as a measure of the charge density 
(KoLB [38], DICKERMAN [23]). In the high current experiments with deute- 
rium performed by THONEMANN et al. [68] this effect, as well as the Zeeman 
effect, was shown to be negligible compared with the Doppler broadening. 
The latter was studied by means of the spark lines of some small quantities 
of oxygen and nitrogen which were introduced into the discharge and served 
as an indicator of the kinetic ion temperature. 

There is also a possibility of determining the temperature from the neutron 
yield in a deuterium gas in thermal equilibrium. 


91.4. Microwave measurements. — Determination of the ion density 
of an ionized gas by means of the reflection properties of microwaves has been 
known in ionospheric research since long ago. When this technique is applied 
to a plasma with a strong magnetic field the influence of the latter on the 
critical frequencies should be taken into account. 

The Doppler shift of a microwave reflected by a shock front could also 
be used to determine the shock velocity (KOLB [38]). 

Finally, DRUMMOND [24] has recently suggested to use the temperature 
dependent transmission properties of microwaves in an ionized gas as a « micro- 
wave thermometer» for millions of degrees. 


3°92. Torsional magnetohydrodynamic motion in a cylindrical plasma column. — 
The investigation in Sect. 2'2 of the dissipation and the phase velocities of 
magnetohydrodynamic oscillations will now be completed with an example 
on laboratory scale. We shall prefer to study a specific example with given 
boundaries rather than to discuss plane waves. The reason for this is that 
the wave length of a magnetohydrodynamic wave in a plasma usually ex- 
ceeds laboratory dimensions considerably and becomes much larger than the 
cross-section of the discharge tube to be used. As will be shown later this 
implies that the damping is determined mainly by the dimension of the cross- 
section, and not by the wave length. A convenient arrangement for an ex- 
periment on magnetohydrodynamic waves consists of a long discharge tube 
surrounded by a magnetic coil which produces a field along the tube axis. 
An experiment of this kind has already been suggested by Post [60] and. 
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NEWCOMB [54] who discuss a «hydromagnetic wave guide » where the mag- 
netic field lines are being « shaked » at one end by a short high frequency coil 
surrounding the tube. At the other end disturbances are received by an iden- 
tical coil and the damping and phase velocity are determined. NEWCOMB 
gives solutions for the different modes in the case of an infinitely conducting 
tube wall. The way in which the waves are generated gives rise to a mixture 
of longitudinal and transverse wave motions. 

A somewhat similar experiment will be discussed here with torsional oscil- 
lations which consist of purely transverse and incompressible modes. The 
tube wall is assumed to be non-conducting and the waves generated by a pair 
of concentric electrodes and received by another identical pair. In a highly 
conducting plasma it might be necessary to place indicators in the interior 
of the gas since there might exist motions which do not give rise to external 
field changes. Di 

The basic equations (50), (51), (52), (9) and (11) for small disturbances 
are now applied with a homogeneous magnetic field B, along the z-axis of a 
cylindrical co-ordinate system. The displacement current is neglected and 9 
and 0, assumed to be constant. Modes which oscillate as exp [jwt] are inves- 
tigated and v, can be substituted into eqs. (50) and (51). The procedure is 
analogous to that carried out in Sect. 2°2.1 and gives the results (56), (57), 
(59), (60) and (61) with C=0,=0. After substituting v from eq. (56), E 
from eq. (11) and i from eq. (9) into eq. (57) the result becomes 


(82) b + (V*/«?) curl{[ curl b)x B,] X B,}— (A, /@ — B3V2/ Bio?) curl? b + 
+ (28, V%/ Bow? — jV3/@a,) curl [(curl b) x B,] = 0. 


The term containing «, will now be dropped and this is a reasonable approxi- 
mation in an experiment where the gyro frequency ©; of ions exceeds the 
frequency considerably. The last term containing #, still links the field 
components 6, and b, with b, which contradicts the original assumption of 
purely torsional waves. This is understandable since a torsional wave has 
a field b, which is produced by currents è, and i, and these currents generate 
compressions in the rz-planes as seen from eq. (49) Consequently, to be able 
to discuss purely torsional oscillations f,/B, has to be assumed much less than 
unity. This will also be seen to be a good approximation in the examples given 
in Table V. 

With these approximations eq. (82) reduces to the form earlier studied by 
LUNDQUIST [48] in experiments with liquid mercury : 


Ob, n det 
(33) curi + rs (23, — 1/r?)b, = 0 ; 
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Taste V. — Estimations of the deviation from virtually undamped torsional oscillations. 
Values taken zien Tables I, III and IV. 


Giant Pee Experiment under conditions. 
Uan given by Bostick and LEVINE High current 
F,-region, experiments 
inside | njn, = c0 nin, = 10-4 ve 
auroral zones deuterium | 
Mami (De) 5: 1018? | 8: 1020 SALO SEM: 1020 
nm, (m4) SALOEE cr, 240 8: 1020 0 
DER eT, (°K) 600 | 105? 105? | 105 
vx (82) 5+ 1042 4-108 4-104 | 2-103 
Pie (871) 2 0 8-10° | 0 
Von (81) 132109) e VO E LOSE GRATO) 
Di *(m) 105 | 1 1 | 1 
DA (m-1) — 6.28 6.28 6.28 
1 (Gang) — 1.9-10-2 19107 | 0.1 
Gissi) 0 200 200 | 38.3 
De 8) 6:10-? 6: 10+ 6: 104 | 1.6: 108 
y (8-4) 200 | 1.2- 106 1.2: 105 107 
B, (Vs/m?) ER 6105, "| 0er 0,08 0.05 LEE 
(o) (Vs/m?) F0 | 0 3.4: 10-4 0 
F 19 | 0 750 | 0 
Vo (m/s) 4-102 2-10! 2-108 | 3-105 
6 (+5)? — a. 14410. vi): 10-2 | (—91+6.9j)-1078 | 0. 85+0. 36) 
QV y [x (i, + #2) | Le 0.45 par | 8100 
(aperiodic) | (periodic) 


where propagation of the form exp [jot+jxz] has been assumed and 
(84) 2, = (0? Vi — JOA, )[J@A, - 

The solution of eq. (83) which is finite at r= 0 becomes 

(85) Dy = Dodi (167) EXP [jot + jx2] 

and the radial current density component is 

(86) i, = — jbo] Ho) (dr) « 


The boundary condition at the wall += R is that i, vanishes and this deter” 


mines Xis 
(87) Hy le aa Ky; (s= I 2, PRI 


| where K,, is the s-th zero of the Bessel function J,. Thus, the dispersion 
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relation for the s-th mode becomes from eq. (84) 


Vi + jo, 
RSR re 
(88) U Pee 
which can also be written in the form 
SO @ = Abd, + 2) + PAV — HAE, +2). 


The damping distance and phase velocity can be determined from eq. (88), 
where the plane wave solution is obtained by putting x,,—0. Eq. (88) also 
includes forced oscillations in weak magnetic fields occuring when the skin 
effect dominates. Such oscillations may have large damping lengths in some 
cases, but this does not imply that they correspond to slowly damped wave 
motion. They are instead to be compared with a temperature « wave » which 
is generated by a periodically varying temperature at a given boundary and 
penetrates from the boundary into the medium inside. In order to decide 
whether magnetohydrodynamic waves may exist or not the wave number 
Should instead be considered to be given as an initial condition. The deve- 
lopment in time of a mode for a certain (real) x is then given by © which is 
solved from eq. (88). The real part of w gives the eigenfrequency of the pos- 
sible oscillations and the imaginary part the inverted damping time. If the 
real part vanishes no eigenoscillations occur, i.e., no waves can be propagated. 
To ask this question © has to be solved explicitly from eq. (88) which contains 
F — F(w). This will be a somewhat lengthy procedure in case of intermediate 
coupling. However, for a fully ionized gas or when the coupling is very strong 
or very weak so that the damping introduced by I’ can be neglected besides — 
that coming from 4,(0) or Z,(00) the quantities V, and 2, become real and © © 
is given by eq. (89). The condition for a wave of the wave length L= 2x/x 
to exist then becomes (cf. LEHNERT [46]) 


(90) 2xV JA, + x?) > 1. 


In order to estimate the deviations from à virtually undamped magnetohydro 
dynamic wave in the general case eq. (88) may be written in the form 


> n 


(91) pic ctenlee LES 
(Qno/@o + 1)? + F? 


where 


Ono/Qo+ 1+ F2] 1 — jxj,A*/o 


The deviation of @ from 1+j-0 can be taken as a measure of the deviation 
from the virtually undamped situation. 


Conditions somewhat similar to those existing in an earlier investigation 
with a toroidal tube carried out by Bostic and LEVINE [17] and given by the 
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second and third columns of Table V may serve as an illustration to the least 


damped mode s —1. The situations with full and 10-? percent ionization are 
given here at an assumed temperature of 105°K. It is seen that G differs 
fundamentally from unity even in the fully ionized situation. This also agrees 
with the result at the bottom of the second column which, according to eq. (80) 
shows that no transverse magnetohydrodynamic waves can exist at the con- 
ditions given when the temperature is below 10° °K. An important reason 
for this is the smallness of the tube cross-section which makes the resistance 
large for the induced currents and diminishes the electrodynamic restoring 
force. Thus, the situation is not improved by making the dimensions along the 
direction of propagation large, i.e., by making the wave length large and 
x small, as soon as the cross-section still remains small and ~,, large. 

In the fourth column of Table V, however, the cross-section has been in- 
creased as well as the temperature to values about those present in the Zeta 
machine. Now, @ becomes comparable to unity and the parameter given in 
eq. (90) exceeds unity very much, which shows that virtually undamped Alfvén 
waves with 1m wave length exist in this case. Some modification of the 
obtained result may be caused by the viscosity damping which is of the same 
order as the Joule heat damping when the mean free path becomes comparable 
to the linear dimension R. In any case, it may be concluded that magneto- 
hydrodynamic waves, at least of the transverse type, can only be produced 
in the laboratory in a gas of high ionization degree, at tube cross-sections of at 
least 0.1m, with fields of at least some thousand gauss and at temperatures 
exceeding 10°°K. The low ionization potential of caesium should perhaps 
not be forgotten in this connexion. A caesium discharge becomes fully ionized 
even at moderate power inputs and the possibility of making wave experi- 
ments in such a discharge without being forced to mobilize too large resources 
should be investigated. 

Finally, the first column of Table V shows that rather slowly damped oscil- 
lations of the period of giant pulsations might occur inside the auroral zones, 
provided that the charge density is about hundred times larger than its value 
outside the same zones. 


3°3. Diffusion in the positive column in a magnetic field. — The motion of 
a charged particle in a magnetic field may be described as a sum of a gyration 
around the field lines, a drift motion across the same lines and a motion 
parallel with the field (ALFVEN [2]). In an ionized gas this picture has to be 
modified by particle interactions, such as collisions and phenomena caused by 
space charges. The macroscopic correspondance to a situation where: the 
transverse drift due to particle interactions and inertia forces can be neglected 
and where the motions are slow relative to the gyro frequencies of ions and 
electrons is a gas nearly «frozen» to the magnetic field lines. This strong 


oc] 
(=) 
(eci 


92 B. LEHNERT 


coupling between ionized matter and magnetic fields is of great importance, 
not only in astrophysics but also for the confinement of the plasma in a future 
fusion reactor. 

However, it has been emphasized by BOHM, BURHOP, Massey and WIL- 
LIAMS [13] that random fluctuations of charge density and plasma oscillations 
may produce electric fields which in their turn give drift motions across the 
magnetic field lines. This «drain» diffusion provides an additional mecha- 
nism for ionized matter to «slip » across a magnetic field and may, in the case 
. that it predominates over collision diffusion, introduce considerable difficulties 
into the physics of a plasma in a magnetic field. Boum and collaborators 
made experiments with an are plasma in a magnetic field and came to the 
conclusion that the diffusion was not consistent with collision phenomena but 
could be explained by «drain». This interpretation was criticized by SI- 
MON [66] who pointed out that the transverse diffusion of the plasma is not 
necessarily ambipolar. Thus, in the arc experiment space-charge neutrali- 
zation can be maintained by the conducting end walls which produce an 
electron short-circuit across the magnetic field. With this new interpretation 
SIMON was able to show that the arc experiments did not conflict with the 
binary collision theory. 

The purpose of the investigation to be described here is to study diffusion | 
across a magnetic field in a configuration which is free from short-circuiting 
effects such as those pointed out by SIMON. It provides the possibility to 
decide if collision or « drain » diffusion is operative. For this purpose a long 
cylindrical plasma column with a homogeneous magnetic field along the axis 
has been chosen. On the basis of the collision diffusion theory ToNKS [69], 
ROKHLIN [61], CUMMINGS and Tonks [22], FATAILEV [27], BICKERTON [7] 
and BICKERTON and von ENGEL [8] have pointed out that a longitudinal mag- 
netic field will reduce the losses of particles to the walls. Consequently, when 
the magnetic field is present a lower electron temperature and a smaller 
potential drop along the plasma column should be required to sustain a certain 
ion density. An experiment performed by BICKERTON and von ENGEL was in 
good agreement with these expectations. The experiment to be described here 
forms an extension of the former into a range of higher pressures and 
stronger magnetic fields. 


33.1. Theory of the positive column in a longitudinal mag- 
netic field. — A cylindrically symmetric, stationary column of ionized gas 
is assumed to be situated in a constant, homogeneous, longitudinal magnetic 
field B,. The following conditions are assumed to be valid. 


a) The mean free path of ions and electrons is small compared with 
the tube radius. 


b) The gas is electrically quasi-neutral: n; = n=. 
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c) The production rate of charged particles is Zn, where Z is a function 
of the electron temperature and the neutral gas density. Two stage ionization 
and volume recombination are neglected. An ion may sometimes capture an 
electron from a neutral gas particle and this may modify the diffusion coef- 
ficient to some extent. However, this effect will be neglected in the simplified 
theory given here since only appreciable changes in the diffusion coefficient 
will be detectable in the present experiment. 


d) The ionization degree is low and the frictional coupling between 
charged particles and the neutral gas produces a small pressure gradient and 
negligible mass motion in the latter. ve; is neglected (cf. Tables I and V). 


e) Electron attachment is neglected. This is true for a rare gas as helium 
which is used in the present experiment (see LOEB [45]). 


f) The ion and electron gases are assumed to have Maxwellian velocity 
distributions with constant temperatures 7, and T,. The effect of striations 
is assumed to be negligible when mean values are taken of the potential drop 
along a considerable part of the positive column. 


g) The column is extended very far in its axial direction such as to 
make end effects and. deviations from cylindrical symmetry negligible. 


h) The velocities v, and v, are assumed to be small and non-linear terms 
can be neglected. 


From eq. (11) in the cylindrically symmetric case is obtained 
(93) HL, =— = E,=0, E,= const = E, 
since E, is finite at the axis r= 0. From the g-components of eqs. (3) and (4) 


(94) Vip EVE (WilVin)Vir , Veo nali i (We/Ven)Ver ’ 


where the index (0) has been dropped in the notation of the gyrofrequencies. 
The motions v,, and v,y arise partly from the radial density gradients, partly 
from drift motion in the crossed fields E, and B,. In the axial direction 


(95) Vig = (e/Mwvin)ÈE , Voz = (€/MMen)H . 


The radial components of eqs. (3) and (4) combine with eq. (94) to 


oD dn 
OP dn 
(97) NV, nie 
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where the diffusion coefficients 


kT; 


SEZ == kT; i @ 
(98) ‘ MVin(1 + 7 /V'in) Bp j 
and 
ALA 
(99) D, = = kT.B./e , 


MVen(1 AF Devon) 


have been introduced. The symmetry condition for the radial component of 
eq. (9) requires v;, =. After elimination of ® from eqs. (96) and (97) the 


A 


conservation laws (1) are applied with Zn substituted for — ôn/0t and 


dîn 1dn Z 


NEO: dm > dr + ies sa? 
where 
(101) Di (DB. + D.Bi)/(B:+ Be) 


is the ambipolar diffusion coefficient. The solution which is finite at r=0 
becomes 


(102) n(r) = nodo(ar) , a = (Z/D,)*. 


The deviations from electric neutrality are obtained by combination of 
eqs. (10), (96), (97) and (102); 


hi bus Ni 2 2 
(103) n' [Ny = (Ni — Ne)/Ny = a oa È È (1+ Ji/Jo) . 


The result shows that the quasi-neutral approximation is valid throughout 
the major part of the column as soon as the Debye distances h; and h, are much 
smaller than the tube radius R. At low charge densities this approximation 
is not valid and the ions and electrons will then diffuse separately as deter- 
mined by the coefficients (98) and (99) and not by the ambipolar coefficient (101). 

The density » at the axis is calculated from eqs. (95), (22) and (102): 


al 
104 = — 
LR = 27e R'E(1/miv:, + 1/m,v,r) J,(&R') ? 


where J is the total current and r= R' is the edge of the wall sheath. Situa- 
tions where (& — R')/R<1 are studied here. 


The discussion is now restricted to a non-conducting wall. Per unit length 
and time there are created 


(105) N=2anZR'I,(aR')/a 
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particles inside r= R'. If the ions are supposed to leave the plasma edge at 
+= R' with a mean velocity towards the wall corresponding to an equivalent 
«temperature » 7) the wall will absorbe 


(106) N=}aR'-n(R')(3kT,/m,))} 


particles per unit length and time. Balance between created and lost charges 
is given by the equality of expressions (105) and (106): 


(107) n(R')/no = 4AZDm;/3kT FI(aR') . 

We introduce the mean free paths 

(108) hin = (BkT.JM Von > hen = (BK TM) Ven - 

since n(r) > 0 eqs. (101), (102), (107) and (108) give the condition 
(109) n(R')/nn= I(aR')<7%R' AE, 


where 


= Rinhen [MT 5 + TTI 
110 — 1.66 - 
110) A= 1.66 TP ety?) MITA OT 


can be regarded as a mean value of the mean free paths and is equivalent to 
a mean value earlier used by von ENGEL and STEENBECK [25]. 

In order to estimate 7 the magnitude of 7, has to be determined. For 
the non-magnetic case BICKERTON [7] and BICKERTON and von ENGEL [8] 
assume that T,— 7,. On the other hand, Boum [12] has pointed out that 
a stable sheath cannot exist unless the ions leave the plasma edge with a ve- 
locity corresponding to Ti. T,/2. This is caused by an acceleration in a weak 
electric field which penetrates from the wall region through the plasma edge. 

When a magnetic field is present, and in cases of interest in this con- 
nection, the Larmor radius of ions is larger than the Debye distances and the 
thickness of the wall sheath. This implies that the collection of ions by the 
wall across the sheath is largely unaffected by the magnetic field (Boum [12], 
Boum, BurHop and MASSEY [13], BICKERTON [7] and BICKERTON and VON 
ENGEL [8]). According to Boum and collaborators T, should still be of the 
order of 7,/2 when a magnetic field is present and 7, > Ti. 

In the next part of this section the condition 2/R<1 is assumed to be 
valid. It is seen that a strong reduction of 4/R takes place according to eq. (110) 
when the magnetic field is increased (cf. BICKERTON [7]). 
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33.2. Determination of the electron temperature. 


a) The plasma balance equation. When 2|R<1 the balance 
between charge production and wall losses is given by 


(111) ZhRID;= Ki, 


where K,= 2.4048 is the first zero of J,. Combination of equations (107) 
and (109) gives a corresponding balance equation which leads to a « modified 
Schottky theory » applicable also to situations when 2/R <1 (cf. BICKER- 
TON [7] and BICKERTON and von ENGEL [8]). Assuming Maxwellian distri- 
bution von ENGEL and STEENBECK [25] have deduced the number Z of ion 
pairs produced per unit time and per electron: 


(112) PZ = non — ap(273/T,)-(2kT,/m,)}-(1+ eV;/2kT.)exp[—eV;/KT.}, 
where p now stands for the neutral gas pressure in newtons/m? (1 mm Hg = 
— 132.8 N/m?) V, is the ionization potential and a is a constant with a nu- 
merical value 0.754 times that given by von ENGEL and STEENBECK when 
eq. (112) is expressed in MKSA-units. For helium a= 0.0347 amp s°/kg? m? 
and V,= 24.54 V. The notations 


(113) a = eV;jkT, x, = eVi/kT,, 
(114) AS. =A,/p ’ Ain sa Ailp de 
(115) A, = A(Trf273), Ay = Agg(T,/273) , 


are introduced, where /,, is a function of the electron and ion temperatures | 
given by von ENGEL and STEENBECK [25] and MAIER-LEIBNITZ [52]. Eq. (111) 
now becomes 


(116) H(x) = A(Rp)? -[K(a, ®;) + y M(x, «;)], 

where i 
117) H(x)=V%e"(1+2/2), 

(118) A = 2(6/2)'a(273/T,)Vi(m,/m,)?- K,?, 

119 Kos) eee deren! 

( ) (x, Li) (1 + ®,/@) + vi} és , 

(120) y=;/p, 

121 Min di — MA A, (ma \! 

(121) GR) = see aoa et robes 


With helium A = 31.7 s?/kg when 7,= 300 °K. 
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b) The relation between the ion and electron temperatu- 
res. — VON ENGEL and STEENBECK [25] obtain the energies 


(122) (Fe )= ele ) kKT:—Tn), 
and i 
(123) (ar) _ 2m a) 

Aiea yam.) 


which are transferred to the neutral gas by collisions with ions and electrons, 
respectively. In eqs. (122) and (123) x, and x, are the mean fractions of the 
total energy of a particle being lost in a collision. The energy is supplied by 
the electric field E which is parallel with the magnetic field B,: The energy 
supply is given by 


dw dw 
124 | = e; Ea Asse ee 
(124) | ai ) €0;,H and | + ) evE , 
both in presence and in absence of the magnetic field and from eqs. (95), (122), 
(123) and (124) 
Tr in) TALE, ol 
or 


(125) (0;/0)? = [Aco(”)/Aio( as) ]?- [xee/%e(@)] (1 — dif tn) ; 


where 
Cy = CV, [kT 


The ion temperature is not very much greater than that of the neutral gas 
and ions may be assumed to lose their energy by elastic collisions, 7.¢., x: © 0.5. 
For electrons, however, inelastic collisions will be taken into account and x, 
becomes a function of T, as shown in the next paragraph. The electron tem- 
perature is determined by the root æ of egs. (116)-(121) and (125). In the 
integration of the expressions leading to eqs. (122) and (123) x; and x, have 
been approximated by constant mean values. 


33.3. The longitudinal electric field in a helium discharge. — 
The total fractional loss of energy of an electron in a collision with a neutral 
gas particle is 


(126) Car Ha DE ion Tr NE Hall 9 
where x, — 2m./m, is the energy loss from elastic collisions, 
(127) Hion = (0V;Z)/(&KT,Ven) = £242 |Von 
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is the ionization loss, where the rate Z is given by eq. (112) and 


yi 
Hexe =. (eV, Z;) (Fira) + ~3 Spy —Z s/Ven » 


8 


is the total excitation loss, where V, and Z, are the excitation potential and 
excitation rate of the s-th level. Since the electrons diffuse in radial direction 
there is a wall loss as well. The plasma balance not only requires the ionization 
work to be done at the rate Z; the electron which is produced must also be 
«heated » to the temperature 7,. Since Z electrons of this temperature are 
lost to the walls per unit time and electron the fractional wall loss becomes 


(129) Hoan = (8%kT,Z)/(8kT, Von) = Z/Von = 2%, 1€ - 


wall ~ 

In order to calculate the excitation loss in helium the experimentally de- 
termined excitation cross-section (MAIER-LEIBNITZ [52]) is used as a starting 
point. As shown by FABRIKANT [26] and KARELINA [34] a good approximation 
to the experimental results is given by an empirical expression for the total 
excitation free path 4 


exc” 


(130) 1/1 = (273p/132.8T,)- > Er es 


ex Vins ve LÉ 
Vins — J s tid Vere Fe 1 


where V' is the potential corresponding to the particle energy. In this ap- 
proximation two «levels», s=1, 2, are used with 


A, =7:17"10 m, 9 = 2.7-10-* m, 
V,=19.25 V, Vi=20.2 V, Vn, =20 V and Vs = 28 Vi 


If Maxwellian distribution is assumed the number of exciting collisions per 
unit time and electron becomes for «level» s: 


V7; 


273 
(131) Ls = (Fe ee. x y ST exp 


where v is the total velocity of an electron, w,= (2k7T,/m,)* and A, =132.8A,. 


The total loss x, is given by the integrated eq. (131) and eqs. (126)-(129) 
and (112)-(115): 


Vie VIT 
orale 


G 2 t 
(132) x = mama + 5 (57) Aa |aV;(7+32+: 33) expe] + 


V; 
1 : noah IAA 
I. MA + (eV./27V,) JE + aa 73) 


s 8 Vins — Pa Vj 3 
LISE: 
| tata 5) 


exp [1 — 2] V,/ vi] À 


919 


enr en 


PLASMA PHYSICS ON COSMICAL AND LABORATORY SCALE 99 


The result is shown in Fig. 1 and agrees fairly well with experimental results 
by BICKERTON [7] and BICKERTON and von ENGEL [8]. 

Finally, the longitudinal electric 
field is obtained from eqs. (123), (124) pie 
and (95) as a function of x: | 


133) -E= 
= (96/7) (273p/T,)V (VX, [a Ac) - 


04+ 
The factor in front of the right hand 


member of eq. (133) is somewhat un- 
certain because it is based upon ele- gal 
mentary kinetic methods in the calcu- 
lation of the frictional coefficients in 
eqs. (3) and (4). A more rigorous  g2t 
kinetic theory gives a factor (64/z)* 
in front of eq. (133) instead of (96/7)? | 
(von ENGEL and STEENBEK [25]). ML 
However, this source of error should 
play a minor role in the relative | Va ie 


i x 
Riaghitude anioni 


(134) © = E(B,#0)/E(B.= 0) Fig. 1. — Square root of the total fractional 
loss x, of energy of the electrons as a fune- 


of the electric field at varying ma- tion of T,. Full line indicates results 
according to eq. (132), and broken line 


gnetic field strengths. experimental results by BICKERTON and 
Theoretical results for Rp = ON ENGEL: 

— 1.94 N/m (= 1.46 cm mmHg) and 

4.52 N/m (— 3.40 cm mmHg) with T,— 300 °K are shown by the full curves 
in Fig. 3a and b, as calculated from eqs. (116)-(121), (132) and (134). For 
| the mean free path of ions defined by eqs. (114) and (115) a value 4/2 times that 
of neutral particles given by KENNARD [35] has been taken. A source of 
error may be introduced by this value but it does not change the position of 
the theoretical curve fundamentally ; appreciable changes in the rate of diffusion 
are required to cause a noticeable change in the electron temperature since 
the production rate Z is a sensitive function of 7, according to eq. (112). In 
Fig. 3a and b a change of the diffusion coefficient has also been simulated by 
. substituting the function M of eq. (121) by 7M. The value 7 =1 corresponds 
to the actual situation whereas 7 =0.5, 0.1 and 0.01 (broken lines) give diffusion 
coefficients which are about twice, ten and hundred times larger than the 
present in a magnetic field, which is strong enough to satisfy the condition 
ynM > K. In the present measurements this is the case only for 7 > 0.1 when 
the strong fields of the right hand sides of Fig. 3a and b are considered. 
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3'3.4. The experiment. 


a) The apparatus. The experimental arrangement is shown in Fig. A 
A discharge tube of inner radius R=1 cm has been placed inside a magnetie 
coil of four meters length. In one of the runs being made (Fig. 3b) the mag- 
netic field was varied up to B,= 0.53 Vs/m? (= 5300 gauss), corresponding to 
a power input of about 
3-105 W. Since every 
coil " dischorse Noe measurement required 
sai Jane” lcathode only a few seconds time 
it was sufficient to cool 
the coil with fans. The 
tube ends with anode 
and cathode were both 
extended far outside of 
the coil. The diverging 
field at the coil ends, 
the large ratio between 
the tube length and 
tube radius and the relatively high pressure used in the experiments 
(< 1.46 mm Hg) make impossible short-circuiting effects of the type discussed 
by SIMON [66]. 

Measurements of the longitudinal electric field were made with an electro- 
static voltmeter connected between two floating platinum wire probes, 
one meter apart and both being far from the tube ends. The probes 
had the shape of circular sectors which followed the tube wall closely. 
Their connections were screened electrostatically all the way out to the 
voltmeter. The discharge current was closed through an inductance-free 
resistor over which the voltage could be examined with an oscilloscope and 
a wave analyser. 

Before the measurements the electrodes were outgassed and the tube run 
with 180 mA current. Impurities in the helium discharge were easily detected 
with a small spectroscope. Narrow slits in the coil made observations pos- 
sible over the entire length of the tube. It was found that the most rapid way 
to clean the tube from impurities was to place the cathode at the opposite 


& 
Ò electrostatic 
vol tmeter oi oe 


Fig. 2. — Outline of the experimental arrangement. The 
discharge tube has an inner radius of 1 em. 


side of the vapor trap filled with carbon (Fig. 2). With a strong current the 


discharge acted as an ion pump and the gradual disappearance of the impu- 
rities could be followed from the anode end to the cathode by means of the 
spectroscope. Measurements were not performed until the tube was observed 
to be clean over its entire length. 

The pressure was measured with a McLeod gauge. 
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b) Experimental results. É Two series of electric field measure- 
ments were made at the pressures 1.47 and 3.26 mmHg as shown by Fig. 34 
and 3b. The results at zero magnetic field are given in Table VI together with 
theoretical results calculated from eqs. (116)-(121), (125) and (133), which 
are also compared with results by KARELINA [34] for Rp =1.47 cm mmHg 
and by KLARFELD [36, 37] for Rp = 3.40 em mmHg. The agreement between 
the experimental results by these authors and the present experiments is as 
good as can be expec- 
ted. The present theo- 
retical value of H/p for 
Rp =1.47 cm mmHg 1 
is closer to the expe- 
rimental than the value 


B,=0.242 Vs/m? 


0.5 


Fig. 3. — The ratio © = 
= E(B,)/E(0), where “in > daria gui 
E(B,) is the longitudinal 

electric field when the mag- 

netic field is present and H(0) the cor- 
responding value without magnetic field. 
o;= eB,/m; is the gyro-frequency of the 
ions. Experimental results are indicated 
by marks and theoretical ones by the 
full curve (7 = 1). A double, a tenfold 
and a hundredfold reduction of the mag- 
netic contribution to the diffusion coef- } 

ficient is simulated by the broken lines [ 

with n= 0.5, 0.1 and 0.01, respectively. di/p 
a) Rp = 1.96 N/m = 1.47 em mmhH£ , ci 

b) Rp = 4.33 N/m = 3.26 cm mmHg. 0 


calculated by KARELINA, but there still remains a discrepancy which partly 
may be due to an erroneous factor in front of the expression for the 
mobility. 

Fig. 4a and b show the corresponding measurements at Rp =1.46 and 
3.40 em-mm Hg of the relative magnitude 4 of the noise voltage over the 


| resistor in the discharge circuit . The measurements have been made with a 


discharge current of 160 mA and at 5-10° and 104Hz with the wave ana- 
lyser adjusted to a band width of 145 Hz. Measurements at lower frequencies 
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(10° Hz) were difficult to interpret; even in the absence of a magnetic field 
there was a strong and rapidly changing noise voltage. It is seen from Fig. 3 
and 4 that the experi- 


té mental points form a 
ci a) «knee» which indica- 
3b « 5410Hz GERS rar tes that the state of 
Si, 10%, Hz LEE sereni the discharge is chang- 

Pa ing at a magnetic 
L= — field B,%& 0.23 and 
O n te 0.27 Vs/m? for Rpa 
0 104 2-104 3-104 4-104 5-104 6 10° & 1.46 and «& 3.30 


em mmHg. 


se 
ER © 
Je 

o 


Fig. 4. — The ratio # between the noise 
voltage in presence of the magnetic field and 
the voltage in absence of the same field. 
“i/p a) Rp = 1.94 N/m = 1.46 em mmHg, 
b) Rp = 4.52 N/m = 3.40 em mmHg. 


TABLE VI. — Values of E/p in V/em mmHg. 


Rp hi Present results Earlier results N 
(ommmHg)| (mA) Exp. Theor. Exp. Theor. 
20 3.66 — 
40 3.51 a : 
1.47 80 3.34 5.61 = = : 
100 — 34 
160 5:29 
60 1.75 = 
3.40 160 LET 3.20 — = 
300 — 1.8 


33.5. Discussion. 


a) Experimental conditions. In absence of the magnetic field 
and at the pressures of the present experiments the electron temperature is 
about 4-104°K and the ion temperature about 1000 °K. From eq. (110) 
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the values 7/R ~ 0.06 and 0.03 are obtained at Rp —1.46 and 3.30 cm mmHg 
when 7’ is put equal to 7./2 according to Boum [10]. With 7; & 7, accor- 
ding to BICKERTON and von ENGEL [8] the values 7/R = 0.27 and 0.14 are 
obtained which can be regarded as upper limits since the stability of the 
wall sheath requires 7) & 7,/2. Even with 2/R=0.3 the change in the 
theoretical value of the electron temperature is only a few percent. 

At the lowest pressure and current density used in the experiments the 
charge density is calculated from eq. (104) to 4-10!° m°?, corresponding to 
the Debye distances h,=1.4-10-*m and h,=3-107? m as given by eq. (14). 
From eq. (103) n'/n < 0.2 at a distance greater than 1 mm (= 0.1 À) from 
the wall. Consequently, the quasi-neutral approximation is valid throughout 
the major part of the tube. Conditions are improved with increasing current 
density and pressure; for 7=0.16 A and Rp = 4.33 N/m the results are. 
h,=1.0-10-5m and n'/n <1.0-107% at r — 0.1. 

Finally, the smallest radius of gyration of the ions in the present experi- 
ments has been 2.8-10-*m (at B=0.53 Vs/m?) which is greater than the 
largest occuring Debye distance %,=1.4-107* m. 

From these considerations is seen that the basic conditions underlying the 
theory in Sect. 3°3.1-3°3.3. have their correspondence in the present experi- 
ments. 


b) Conclusions. The left hand parts of the theoretical curves in 
Fig. 3a and b show a satisfactory agreement between theory and experiment; 
the small discrepancies may be due to an error in the mean free paths used 
in the calculations. An increase in the diffusion coefficient by a factor of ten 
(7= 0.1) or more is in any case too large not to be distinguished from the 
present results. Consequently, the left hand parts of Fig. 3a and b show that 
the diffusion is taking place according to the binary collision theory and that 
a strong reduction in the diffusion coefficient is caused by the magnetic field 
which traps the particles effectively in its transverse direction. There seems 
to be no difference between the measurements at varying current densities 
and from this is concluded that deviations from electric neutrality as well 
as two-stage processes and recombination do not influence the results noticeably. 
Correspondingly, the left hand parts of Fig. 4a and b show no increase in the 
noise level caused by the magnetic field. 

However, when the magnetic field reaches a certain critical value which 
is about B, = 0.23 and 0.27 Vs/m? at Rp — 1.94 and 4.52 N/m the diffusion 
coefficient starts to increase rapidly and the noise level is suddenly increased 
at the same time. The deviations between the binary collision theory and 
the experiments are considerable in this region as shown by the right hand 
parts of Fig. 3a and b. In Fig. 3a the diffusion coefficient exceeds its value 
due to the collision theory by more than a factor of ten when the magnetic 
field exceeds about 0.3 Vs/m? and in Fig. 3b this occurs at a field strength of 
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about 0.4 Vs/m?. These results strongly support the existence of the « drain » 
diffusion mechanism suggested by BoHM, BurHoP, MASSEY and WILLIAMS [13]. 
It should also be observed that the right hand part of Fig. 3a clearly indi- 
cates an increase in the diffusion rate at increasing current densities, d.e., at 
increasing charge densities, n. This also speaks in favour of such a mechanism 
which is based upon the effect of local electric fields caused by deviations 
from electric neutrality. Whether the oscillations consist of only a broad 
spectrum of «electromagnetic turbulence » or include plasma oscillations con- 
centrated around some special frequencies cannot be judged at this stage and 
requires further investigation. The plasma frequency of electrons is about 
10% s-1 in the present experiments. It should be pointed out that noise and 
oscillations in the presence of a magnetic field have also been observed by 
ÂSTROM [4] and WEBSTER [70] in an electron gas and by BLOCK [11] in mo- 
del experiments on the auroral discharge. 

Finally, the conclusions drawn here are also consistent with the results 
obtained by Bostick and LEVINE [18] for a toroidal discharge in a toroidal 
magnetic field. These authors find a considerable decrease in the diffusion 
time as well as the presence of oscillations in a limited range of magnetic field 
strengths. However, as pointed out by Bostick and LEVINE [18] and later 
by BIERMANN and SCHLÜTER [10] and LEHNERT [44] particle losses are also 
caused by the gradient in a toroidal magnetic field. Consequently, no definite 
conclusions can be drawn about the magnitude of the diffusion coefficient in 
the latter experiment. 

The diffusion caused by oscillations and « electromagnetic turbulence » pro- 
vides a mechanism for ionized matter to slip across a magnetic field. When 
this mechanism is acting modifications of the present theories of an ionized 
gas have to be undertaken, both in astrophysics when the motions of magnetic 
fields and matter are considered, and in the thermonuclear problem when the 
confinement of a hot gas in a magnetic field is discussed. It is desirable to 
extend the present investigations to a fully ionized gas in stronger magnetic 
fields than those being used here as well as to other gases than helium. 


4 — Summary. 


In the present paper the behaviour of an ionized gas under cosmical and 
laboratory dimensions is examined by means of dimensionless parameters. In 
particular, the deviations from electric neutrality and « creeping diffusion » are 
estimated. 

The coupling between plasma and neutral gas is investigated by means of 
the basic equations for a partially ionized gas. This gives a dispersion relation 
for plane disturbances of small amplitudes. The effective electrical conductivi"y 
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can be deduced from the corresponding damping distance. Expressions for 
the electrical conductivity in a magnetic field earlier derived by COWLING, 
SCHL »TER and PIDDINGTON are obtained as special cases of the present theory. 
They are shown to be valid only under certain conditions of ionization and 
coupling between the plasma and the neutral gas. 

Agreement is obtained with earlier conclusions by PIDDINGTON and COWLING 
about the increased dissipation of magneto-hydrodynamic waves in the solar 
chromosphere and of magnetic fields in cool interstellar clouds. 

Magnetohydrodynamic oscillations with wave lengths comparable with the 
thickness of the ionospheric F,-region and with periods comparable with those 
of «giant pulsations » are damped moderately only if the ionization degree 
is about hundred times greater inside than outside of the auroral zones. 

Two specific examples are given as experimental illustrations to the theory. 
Firstly, torsional oscillations in a cylindrical « magnetohydrodynamic wave 
guide » are discussed. It is found that Alfvén waves will exist in an ionized 
gas in the laboratory only in a high current discharge of relatively large di- 
mensions. 

The second example is given by the diffusion processes which take place 
in a plasma column situated in a longitudinal magnetic field. The balancs 
between the rate of ionization and the losses of charged particles to the walle 
reflects itself in the electric potential drop along the column. Consequently, 
a longitudinal magnetic field, which influences the particle diffusion to the 
walls, will also affect the potential drop. The experiments are found to agree 
well with the collision diffusion theory in a range of magnetic fields up to à 
certain critical value. Above this value a marked change occurs which can 
be interpreted as a sudden and rapid increase in the diffusion coefficient. Simul- 
taneously, the noise level is raised. These results support the « drain » diffu- 
sion mechanism earlier suggested by Boum, BURHOP, MASSEY and WILLIAMS. 
By this mechanism the particle diffusion across the magnetic field is acce- 
lerated by the action of transverse electric fields. 
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INTERVENTI E DISCUSSIONI 


__ Y. Ferraro wondered if it is true to say that the magnetie field gradients are 
likely to cause a large separation of charge in the plasma and if LEHNERT had consi- 
dered that. 


— B. LEHNERT answered: 

It comes out from the terms containing B, and b. In some cases I think it would 
be important. The electrically quasineutral approximation only implies that one puts 
n; — n, in the conservation laws. However, it does not imply that div E is put equal 
to zero since even a small relative deviation |n; — n; |/n,j may give rise to important 
electric fields. 


__ BB. WeiseL wondered what the frequency S2 was 
— B. Leunert answered: I have supposed that the whole gas mixture is rotating with 
a constant Q. Of course, in the general case there should exist differential rotation 


as well. 
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— EB. Harrison asked if B. LeHNERT had assumed the neutral fraction to be con- 
stant in the equation of continuity, and that no ionization as taking place in the 


unsteady state. 


— B. Leunerr replied that the equation of continuity had not been used in the 
estimations performed. In a discussion on oscillations of small amplitudes given in 
Section 2°2. the ionization caused by the perturbations was neglected. Further, 
Dr. LEHNERT replied that if the neutral gas is beeing ionized continuosly, e.g. by 
electron collisions, the conservation laws of matter have to be modified correspondingly. 
An example is given by the plasma balance in the positive column which is treated 


in Section 3°3. 


— Y. Ferraro asked if B. LEHNERT had said that the term (m;—m,)i-B/eg gives 
rise to the Hall effect. He had been troubled by this because, if the masses of the ion 
and the electron were equal this term would disappear. V. FERRARO wondered if this 
could be explained physically. 


— B. LEHNERTS answer was: 

If the ion and the electron masses were equal, the mean velocity of the ion gas 
would become v = v + i/2en and that of the electron gas v,= v —i/2en. Consequently, 
in a coordinate system which moves with the plasma velocity v and were an electric 
field E +vxB is mèasured the ion and the electron currents both become equal to +4 i. 
The electric Hall fields corresponding to these currents in the magnetic field B then 
become oppositely directed and are of the same magnitude; i.e. the total Hall field 
m, — m,)i- B/eo disappears. 


— R. Ltst asked: 


What magnetic field strenghts, and frequencies have you used in your discussion 
on magneto-hydrodynamie waves in the chromosphere? 


— B. Leunerr answered that he had used a field of 5 gauss and a frequency of 
0.1 rad/s, which values are about the same as those applied earlier by PIDDINGTON. 


— C. DE JAGER asked if a change of the field strength down to 1 gauss, say, would 
change Piddington’s conclusion about the heating of the chromosphere by the waves. 


— B. LENNERT replied: 


This could be possible. The data of the magnetic field strengths are still too 


uncertain and the values I have used here could merely be considered as illustrations 
to the theory. 


— R. List asked: 


Prof. BIERMANN and I have recently reconsidered the damping of waves in the chro- 
mosphere. We have assumed lower frequencies than that given in your table and for 


these frequencies the damping comes about to be quite small. Can this be explained 
by your theoretical results? 
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— B. LEHNERT’S answer Was: 

Yes, the dissipation lenght is approximately proportional to 1/0? where © is the 
frequency. Consequently, a decrease in © by a factor of ten or more would make the 
dissipation length much larger than the depth of the chromosphere. 


— K. ScHInDLER asked: 

In your theory you have applied an exact treatment of the equations of continuity 
and of motion. On the other hand, the energy equation has been approximated by 
the adiabatic relation. How does Joule heating and thermal conduction modify these 
results? 


— B. LEHNERT replies: 

For small amplitudes the Joule heating can be neglected in the energy theorem 
since it consists of a non-linear term proportional to i?. However, thermal conduction 
has not been considered in this treatise, where the sound velocities have been approxi- 
mated by expressions containing the static equilibrium temperatures and only small 
deviations from the state are being studied. I quite agree with you, that in a general 
case thermal conduction may be important and should be taken into account (see 
also LEHNERT, Tellus, 8, 241, (1956) and Electromagnetic Phenomena in Cosmical Physics 
(Cambridge, 1958), p. 51-52). 


— F. GiovanELLI asked if B. LEHNERT’s basic assumptions implied that he had 
excluded the possibility of having sound waves propagated in the ion and the electron 
gases separately with velocities O, and O, respectively. 


— B. LEHNERT: 

Yes, this is certainly true. By putting nen, = n and Vp = C?Vo the sound waves 
in the ion and electron gases are assumed to be propagated with the same wave lengths 
and phase velocities. A difference would cause charge separation. 


1H. C. VAN DE HULST: 
Can you make any suggestion about what determines the critical field strength at 
which deviations from the « binary collision diffusion » are observed? 


— B. LEHNERT: 

There are yet too few experimental data for such a determination. It is certainly 
of great interest to investigate how the critical field strength varies with the characte- 
ristic dimension, the pressure and the ionization degree. If the « drain » diffusion phe- 
nomena suggested here come out to be ofimportance this would correspond to a decrease 
in the « effective electric conductivity » and would increase dissipation also in the case 


of cosmical phenomena. 


— G. GOLDSTEIN: 

I should like to make two remarks; the first is relative to the diffusion coefficient 
in*the direction across the magnetic field. You have neglected the charge exchange 
between diffusing positive ions and the neutral atoms. Now, this obviously, cannot 
be neglected in helium because the cross section of this process is pratically the geometrie 
one. My second remark is this: the diffusion of helium ions in helium has shown that 
the diffusion of molecular ions is much more important that the diffusion of atomic 
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ions, because the molecular ions are not affected by charge exchange. Consequently 
molecular ions have a much higher mobility than atomie ions in spite of their greater 
mass. 


— B. LEHNERT: 

I quite agree that the effects which you mention exist and that I have neglected 
them in the simplified theory given here, but I do not think that they will change the 
results appreciably. They will introduce errors of the same magnitude as those pro- 
duced by the elementary kinetic theory when this is used for the computation of the 
collision frequencies. However, only very large changes in the diffusion coefficient are 
required to give a noticeable change in the potential drop along the tube. An error 
of a factor of about two in the diffusion coefficient modifies the theoretical results 
very little. 


— E. HARRISON: 


Have you neglected the neutral gas pressure gradient in your theory? 


— B. LEHNERT: 


No, it is taken into account; it appears indirectly in the frietional forces which occur 
in the equations of motion. I have only assumed that the ionization degree is low and 
that rather small changes of the neutral density from the constant value are required 
to produce a pressure gradient which balances the frictional forces. This constant value 
has been used in the computation of the collision frequencies v;n and vai. 
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High Temperature Plasmas. 
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Atomic Energy Research Establishment - Harwell, Berks. 


This lectures will be concerned mainly with the experimental methods 
used in studying plasmas at high temperatures. The methods will be illustrated 
by describing some of the results obtained with Zeta. 


I. - Observation on Turbulent Discharges. 


This first chapter describes Harwell studies of turbulent constricted dis- 
charges in Argon and Hydrogen. The studies were aimed at finding to what 
extent containment could be achieved by using the simple pinch effect. 


1. — The Bennett relation. 


At low pressure (~ 10 um Hg) and low currents (< 10 A) positive ions and 
electrons rapidly diffuse to the tube walls and their lifetime is rarely longer 
than 20 us. This diffusion loss can be reduced by using a confining magnetic 
field. One such way of achieving this reduction is to use the pinch effect. 

| By consideration of the radial pressure balance and assuming equal den- 
sities of charges we can obtain the Bennett relation [1]: 


pol? — | 
= Nk(T,+ T,) mks units, 

82 
where fo = permeability of free space, 

I = current (amp), 

N = number of particles/meter, 

k = Boltzmann’s constant, 

T,=ion temperature (°K), 


T,= electron temperature (°K). 
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This is a general relation which is not dependent on the detailed mechanism 
of the discharge; expressing the fact that the magnetic energy/unit length is 
of the same order as the kinetic energy/unit length of the particles. It is 
not evident that the relation is valid for a simple pinch, if this is macro- 


scopically unstable. 


2. — Experimental observations. 


The apparatus consisted of a 35 cm bore aluminium torus of 100 cm major 
diameter, which formed a single turn secondary of an iron cored pulse trans- 
former. The torus was constructed of 6 separately insulated sections. 

The discharge (104 A), having 
10.000 A an associated magnetic field - of 


200 gauss, occured in Argon or 
| Hydrogen at pressures between 
: gus 0.2 and 4.0 umHg with a pulse 


length of 500 us as shown in Fig. 1. 
The marked plateau in Fig. 1 cor- 


Ae Ii responds to formations of the 
ei | © pinch; this behaviour is quite dif- 
0 sa — ferent from fast pinches of the 

Kurchatov type. 
Fig. 1. — Current and voltage oscillograms for Spectroscopic evidence suggests 
Argon discharges of about 10000 A. that impurities do not make an 


important contribution to the par- 
ticle density. Argon II and Argon III lines have been seen, though the latter 
were very weak, indicating that there was little multiple ionization. Image 
converters and rotating mirror photographs show that the discharge wriggles 
violently with the velocity of sound in the high temperature gas. 


3. — Ion temperature measurements. 


The ion energies are measured from the Doppler broadening of the spectral 
lines. Any broadening caused by Stark and Zeeman effects can be shown to 
be negligible. 

For temperatures of about 10° °K a Fabry-Pérot etalon must be used in 
conjunction with the spectrometer, however at higher temperature, say 10° °K, 
a simple spectrometer suffices. 

It is necessary to separate the broadening due to random thermal motions 


and that due to bodily movement of the gas. This was done by measuring | 


the broadening in both the axial and transverse radial directions. 
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The results of this measurement are shown in Fig. 2 from which it is evi- 
dent that there is appreciable mass motion. In principle this can be done 
more satisfactorily by examining mixtures of gases of different, atomic mass (A). 
If the broadening is solely due to 
body motion it is independent of 
A, whereas if it is caused by the "| 4r90n O Transverse 
random motion it will decreases as (A Done pu 
A increases. This has not been 
done experimentally, largely due 14 
to the difficulty of exciting suitable 1 
lines simultaneously. n 


I:=10000 A 


Fig. 2. — Ion temperature showing 

results for light emerging in the axial 

direction as well as transverse to the 
discharge axis. 
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4. — Electron temperature measurements. 


Microwave noise. — In the frequency region where the plasma is behaving 
as a black body the power radiated (W) is given by 


200 0751, 1.61 W= kT Af, 


10? Hydrogen 
where k = Boltzman’s constant, 

T = temperature (°K), 

Af = banwidth of receiver (Hz). 
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Fig. 3. — Examples of electron tem- 
perature measurements using microwave 
noise emitted by the discharge. Most 
results were obtained using 8.5 mm wa- 
velength. The results are not reliable if 
the reflection coefficient is high or the 
absorption coefficient small. Arrows in- 
dicate the limit of reliable measurement. 
3 em observations are shown at the low 
0 1 2 3 L CERO ARTS current end of the 4 um curve. 
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Using a suitable microwave horn aerial immersed in the plasma it was 
verified that incident radiation was absorbed by the plasma and that there 
were no reflections from the plasma boundary; this was done at wavelengths 
of 3 em and 8mm. The noise power was measured at these wavelengths. 
The results are shown in Fig. 3. 


Double probe method [2]. — The above measurements were checked using 
a double probe. The electron temperatures were calculated from the 
voltage-current characteristics and agreed approximately with the microwave 
measurements. 


Resistivity. — If the discharge diameter is known the electron temperature 
can be calculated from the resistivity formula (3). 


5. — Results. 


In Argon 
T,+ T= 2-10° °K, 


T'es LOER. 


These results agree approximately with those derived from the Bennett 
relation. 


In Hydrogen there was disagreement, the measured electron temperature 
being too high, probably because of incomplete ionization leading to a reduced 
value of N. This is confirmed to some extent by spectroscopic observation 
on lines in the Balmer series, which are strong throughout the pulse. 


Discharge diameters d= 10 em (streak photograph), 
d = 20 em (magnetic probes), 
d = 25 em (electron density, microwave), 
( 


d= Tem resistivity equation 7,= 105 °K). 


Power input. — The power input to the discharge is about 3 eV/atom us. 


The total energy absorbed is 45 eV/atom: 20 eV for the ion motion, 10 eV 


for electron motion and 16 eV for the ionization energy. This gives an energy 
containment time of 15 us. 
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Experiment has shown that only 10% of the total power input reaches the 
walls as radiation. 

For this reason particle collision with the walls must be the dominant loss 
mechanism. It is to be expected that when the discharge channel approaches 
the metal wall shock waves will be set up in the channel. The energy of the 
directed velocity can be converted into thermal motion. 

As a consequence of the short containment time, attempts to reach higher 
temperatures by increasing the current will lead to severe bombardment of 
the walls and a consequent increase in the concentration of impurities from 
the walls. This effect limits discharge of this type to currents of less than 


20 kiloampere. 


6. — Authors. 


The electron temperature measurements are the work of A. N. DELLIS, 
D. Lees and A. P. WILLMORE. The ion temperature measurements are the 
work of S. A. RAMSDEN and B. Jones. The current-voltage characteristics, 
the thermo-pile measurements and the magnetic probe measurements are the 
work of R. CARRUTHERS, T. K. ALLEN and A. N. DELLIS respectively. R. HIDE 
hag carried out the calculations on the shock wave model of the collisions of 
the current channel with the wall. 


TI. - Electric and Magnetic Measurements on Laboratory Plasmas. 


Laboratory gas discharges are complicated and require a wide range of 
measurement techniques. The present studies are aimed, at determining the 
gross behaviour of the plasma and not the detailed properties. 

A complicating factor is that Saha’s equation is not valid, for at least three 


reasons. 
1) The density and dimensions of the plasma are such that nearly all 
radiation escapes. 


2) The life time of the particles is short being determined by wall re- 
combination. 


3) The relaxation time for energy exchange between particles is fairly 
long, thus a Maxwellian velocity distribution may not be established. If it is 
T, need not equal T,. 
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3 In hydrogen the relaxation time t, —1/434; therefore it is usual to assume 
| the electron energy distribution, at least, is Maxwellian. 


A Plasma confinement. — Confining a plasma of particle density 10! em 
at about 10° °K requires a magnetic field (H) of the order of 2000 gauss which 
can confine a pressure of 

H? 


— = 106 dyn/cm?. 
87 


Since the mass density is only about 10-!° gm/cm* any small pressure un- 
balance gives rise to large accelerations possibly resulting in shock waves and 
magnetohydrodynamic disturbances. These phenomena make measurements 
difficult. 


Rott Current flowing and electric fields. — The equivalent circuit diagram for 


à Zeta is as shown in Fig. 4. 
RONDE 


à | | a The discharge current is measured by a Rogowski coil 
E wound externally round the torus (see Fig. 5). 
| O By consideration of the resistance À and the inductance 


i feta. of the discharge path we have 


d 
POCA 
V = RI + (LI) 


3 dL dl 
“a = RI+I-+L-. 
È x dt dt 
4 The contribution to the electric field from the J(dZ/dt) 


term arises from changes in the configuration of the discharge 
and may be identified with the mass motion of the plasma. 

Fig. 5. In general the inductance fluctuations are rapid and thus can 

È be distinguished from resistance and current changes. The 
voltage and current traces are shown in Fig. 6. 

The current curve is smoothed due to the external 
inductance, which tends to keep the current constant, y 
however marked fluctuations are evident in the voltage 
curve and a period 100 us can be recognized and the 0 
waveform resembles relaxation oscillations. 


t(ms) 5 


Pinch forms 
Electric fields. — The volts per turn are measured I | 
by determining the voltage across a cireumferential 
pick-up loop which links the transformer core. 0 t(ms) 5 
i In principle it is possible to measure the electric Fig. 6. 
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field within the plasma by introducing a loop as shown in Fig. 7, and making 
use of the equation 
dB 


curl E = ——. 
at 


Such a measurement is important since the electric field inside a conductor 
may differ greatly from that exterior to it. 


Voltage fluctuations. — Consideration of the excitation of the spark spec- 
trum, particularly the appearance of O V and NIV throughout the pulse sug- 
gested that the electron temperature was of the order of 10° °K and this tempera- 
ture was based on an equilibrium process of ioniz- 
ation and volume recombination. At higher tem- 
peratures the oxygen ions would be more highly Ps 
ionized. This was pointed out by Prof. BIERMANN. 
Other observations supported this conclusion. On 
the other hand the spectroscopic measure of the sE cg 
kinetic ion temperature of OV and NIV were Fig: 77: 
of the order of 5:10° °K. This would be most 
unlikely unless some mechanism of direct energy transfer to the heavy 
positive ion was possible. The rapid changes of the plasma configurations 
suggested by the appearance of the fluctuation of the voltage waveform could 
give rise to both shock waves and hydromagnetic disturbances. Calculations 
by R. S. PEASE at Harwell, of the power supplied to the plasma ions through 
such fluctuations indicated that such a mechanism could account for the ob- 
served temperature difference. 


: FAT per turn 
loop 


Torus walls 


Internal magnetic fields. — These can be measured by internal magnetic 
probes. 

The magnetic probe consisted of a quartz tube containing 16 coils each 
4mm diameter with a response time of 5 ys. The coils have electrostatic 
screening. Because of the speed of magnetic disturbances in the plasma it 
would be most desirable to improve the response time to 0.1 us. They are 
calibrated by means of a standard pulsed, solenoid. These measurements give 
information about magnetic fields, the stability of the discharge, the gas pres- 
* sure, and current density. 

To illustrate the information which can be obtained by magnetic probes 
consider the pinch discharge stabilized by an axial magnetic field. The low 
pressure gas (10-410 mmHg) may be pre-ionized by a R.F. discharge 
to a low degree of ionization (0.1 +1.0%). When the pulse electric field is first 
applied the ionization builds up rapidly and a skin current forms. In this case 
collapse occurs when B,=B.. If the I, and I, currents flow predominates in 
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a thin skin then: 
Hic HE 
nkT=—-——. 
8x 8x 
Thus from a measure of H, and H, the plasma gas pressure can be derived 
as a funetion of the radius. 
The total magnetic flux inside the metal tube must be conserved so when 
collapse occurs the axial magnetic field strength inside the current channel 
increases (about 10 times). 


Simple pinch discharge. — Since the axial currents are maintained by an 
external source the magnetic energy tends to a maximum, and a constricted 
discharge increases its length by winding itself into a helix. 


The stabilizing effect of an axial magnetic field. — Assume that 
the axial magnetic flux lies entirely within the cylindrical plasma column. 

Since the plasma is a good conductor and decrease of the plasma channel 
diameter is accompanied by increase in the axial field component (B,) a resto- 
ring force arises which resists the compression. Similarly if a kink develops in 
a plasma the B, lines of force are stretched and this leads to a force which 
tends to restore the plasma to a cylinder. 

The axial magnetic field suppresses short wavelength instability efficiently 
but not the very long wavelengths (e.g. the bodily movement of a rigid toroidal 
plasma column). Eddy currents induced in the surrounding metal walls pro- 
vide a restoring force for these long wavelengths. 


The paramagnetic effect. — In 1956 BICKERTON observed that in a high 
current toroidal discharge to which an axial magnetic field is applied, the 
axial magnetic field increases in the interior even though no collapse of the 
plasma has taken place. It was suggested that this phenomena is due to the 
different electrical conductivities parallel to and at right angles to the mag- 
netic fields (see SPITZER [3])). This results in a helical current. 

This phenomenon has been termed the paramagnetic effect in an ionized 
gas. It was simultaneously discovered in the USSR and reported at Stockholm 
in 1958. The total increase due to this and the collapse can be between 10 
and 100 times the initial field. An initial seeding field is essential. 


Magnetic probe results. — The measured magnetic fields do not show large 
erratic fluctuations in Zeta, this indicates a quasi stable discharge. There 
are small fluctuations with a period similar to that observed on the volta- 
ge trace. B, is observed to increase with time at the centre of the discharge 
and to decrease outside the plasma. Fig. 8. shows the variations of B, and 
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> JB, with radius. The point where B, is zero is the magnetic centre on the 


discharge. B, reverses by a small amount outside the plasma column. This 
can be explained as follows: because of 
the metal walls no more flux can enter 
the tube after the discharge collapses 
and B, outside the pinch should go to 
zero. The paramagnetic effect cannot 1000 
produce any increase in field outside 
the channel, however instabilities which 
lead to a helical current channel gene- 
rate magnetic flux within the helix and 
cause a reversal of the axial field out- 
side the helix. Thus the appearance of 
a reversal indicates the existence of 
helical instabilities. 


1400 


20 30 


Remote 


Big. 8. 


Difficulties with probe measurements. — The insertion of a probe 
into the plasma causes a change in the discharge properties. The resistance 
is found to increase and the neutron yield falls to a low value, and the inten- 
sity of the silicon and oxygen lines increases. The introduction of a second 
probe near the first does not, however, change the measured magnetic field 
configuration. 


Langmuir probes. — These are used in an attempt to measure electron 
temperatures and densities. 

In its conventional application the potential of the probe relative to the 
plasma is varied over a range comparable with k7'/e, so that incident electrons 
are retarded. The electron current to the probe is then given by 


I,=Iexp[— eV]/kT.], 


where V is the potential difference between the probe and the plasma. Thus 


by plotting log J against V and finding the slope of the curve it is possible 


to determine T,. 
Tf the probe is sufficiently negative to reflect all the electrons and collect 


only positive ions then the ion current (I) is given by 


I, = en(kT;/my)} . 


If the probe is small compared to the electron Larmor radius the magnetic 
field should not have any effect on the characteristic slope. 
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When the electron temperature is greater than about 200000 Kit as 
necessary to vary the probe potential over several hundred volts. The strong 
positive ion currents tend to cause arcing and. the destruction of the 
probe. 

In Zeta the saturation electron current (J,) rises to 20000 A/em? so that 
the probe should be as small and as well cooled as possible. Even so electric 
currents of 100 A are measured to probes of area of a few mm’. 

Largely because of these difficulties no satisfactory results have yet been 
obtained by this method. 


ITI. - Radiation Measurements on Laboratory Plasmas. 


In the second chapter some of the electrical measurements which can be 
made on a plasma in the frequency range (0--106) Hz were discussed. The 
frequency range between 10° and the plasma frequency ©, which is given 
approximately by ©,=10*nì, where n= 
=electron density, has not yet been explored 
at Harwell. Therefore we are concerned with 
measurements in the microwaves and infrared 
frequencies. 


As mentioned previously, one expects 
strong interaction between electromagnetic waves and a plasma at the plasma 
frequency even when collisions are rare. 


The dielectric constant e = 1— (w/w?) becomes 0 when © = ©, Trans- 
mission occurs when © < ©», 


i.e. f>104n? and no trans- ; | 
z n mm 

mission occurs for f<104n?, rgavsmssION | ek 

where f is the applied fre- 


8 kV 10 kV 21 kV 
quency and w= 2xf trans- 


mission measurements can be 

A è CURRENT 
made as shown simply in PULSE i at pere | 
Fig. 9. 


It is usual to vary the 
electron density since varia- 
tion of the microwave frequency is difficult. 

Fig. 10 shows the type of results obtained. 

As the current increases the microwave transmission is seen to decrease. 


Fig. 10. — Microwave transmission measurements. 
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1. Microwave noise measurements. 


The second important measurement is the microwave noise power radiated 
by the plasma since this gives information regarding the electron tempera- 
ture. The plasma must appear to behave as à black body, i.e., no reflection 
no transmission and complete absorption. The 
condition of no reflection can be achieved by 
suitably matching the wave guide to the plasma. 
The measurement of noise power (w) gives the 
electron temperature (7,) from the formula 
W=kT,Af, where Af is the bandwith of the 
receiver (Hz). 

Tf a standard noise tube is used for com- 
parison Af need not be known. The receiving 
antenna (usually a horn) is located in the plasma, Fig. 11. 
and directed along the discharge axis. 

Fig. 11. shows the variation of noise power with frequency. 


BLACK 
BODY 


BREMSSTRAHLUNE 


9. — Infrared measurements. 


For plasma frequencies corresponding to n > 10'* microwave equipment is 
not available and an infrared grating spectrometer can be used. With this 
technique it should be possible to examine the 1mm wave length region and 
to determine the shape of the W — hy curve (Fig. 11). The difficulty in this tech- 
nique lies not in wavelength resolution but in finding a detector with sufficient 
sensitivity, and time resolution (< 10-25). Work is now in progress im- 
proving the Golay cell detector. No measurements have yet been made. 


3. — Visible and ultraviolet region. 


Streak photography using rotating mirror, rotating drum or image con- 
verter cameras, is valuable to examine plasma displacements. In these methods 
an image of a slit, illuminated by a cross-section of the discharge, is swept 
perpendicularly to its length, with time. In Helium discharges a well defined 
pinched current channel is seen, this expands and hits the walls as the current 
falls at the end of the discharge. In hydrogen no such channel can be dis- 
tinguished. This is usually explained by assuming that in the hot regions of 
the gas the hydrogen is fully ionized and hence emits no light. 

If all the light is due to the spark spectra of highly ionized ions one would 
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expect that the motion of the region of luminosity would correspond to the 
motion of the positive ions and thus to the current channel. It is difficult 
to interpret the results because the light need not come from highly ionized 
ions. More information can be obtained from streak photographs on colour 
film since the colours help to decide whether or not the light is spark light. 
It would be very helpful to take streak photographs through narrow band 
interference filters but as yet the light intensity is too low to permit this. 


4. — Line spectroscopy in the visible and ultra violet. 

Emission spectra are mainly due to impurity atoms and are of two types. 
If the electron density n > 1016 both continuum and line spectra are emitted 
but for n< 1015 line spectra only are emitted. 

In most laboratory discharges the number (N) of electrons/em is made 
as small as possible in order to obtain high temperatures, N=10!" is the 
figure commonly obtained, below this figure it is difficult to obtain a discharge 
Thus small diameter discharges tend to have large electron densities and emit 
lines spectra and bremsstrahlung continuum, while large diameter discharges 
have small electron densities and emit predominantly a line spectrum. 


5. — Line spectra from Zeta. 


The line spectrum from Zeta has been examined with a Hilger medium 
quartz spectrograph having a dispersion of 20 A/mm; at low current (50 KA) 
the spectrum consists mainly of lines from singly ionized atoms, as the cur- 
rent increases, lines from more highly ionized atoms appear, as the current 
increases still further the lines decrease in intensity. 

With a current of 145 kA, in a clean discharge in Zeta with no added im- 
purities very few lines remain. Thus for example the (C III) lines increase 
to a maximum intensity with increasing current and then grow fainter, the 
(OV) lines on the other hand appear at 100 kA and increase in intensity and 
width up to the highest currents. 


6. — Ion temperature measurements. 


The broadening of the spectral lines in Zeta is due only to the Doppler 
effect, the other two possible mechanisms of line broadening, the Stark and 
the Zeeman effects are small enough to be ignored, the first because of the 
low-densities and the second because of the magnetic fields are small. Ion 
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temperature measurements in Zeta are concentrated on the (OV) triplet 
(2781) À. By measuring the width of this line the mean kinetic energy of 
the impurity ions can be found, an equilibrium between the (OV) ions and 
the other plasma ions should be set up in about 80 us. So the measurement 
will give the mean kinetic energy of the plasma ions. There is the possibility 
that the broadening is due to mass motion of the discharge. In Zeta it has 
been necessary to rely on magnetic probe and streak photograph techniques 
to try to exclude this possibility. Information on the mass motion can also be 
obtained by taking spectrograms, looking first radially and then axially into 
the discharge. In principle it is possible to distinguish between mass and 
thermal notion by examining the spectra form ions of different mass, it is 
difficult however, to excite such spectra simul- 


taneously. It should be easier to do this in the oe 
vacuum ultraviolet region of the spectrum. 
An attempt has been made to determine the . 510° 
variation of temperature with time. A mecha- 2 
nical shutter was used and arranged to open at | 
various times during the discharge pulse. The 
results are shown in Fig. 12 but are not sufficien- 
tly well resolved to. indicate anything other EN + | 


than a mean temperature of about 5-10° °K. 

The variation of line intensities with time 
has been determined by using photomultipliers 
in conjunction with a monochromator, some typical results are shown in 


Fig. 13. 


Intensity 


Zi 
— 


time 


Fig. 12. 


Fig. 13. 


The following points are of interest 
1) The H, line appears as @ well defined spike which disappears at the 
beginning of the pulse. 
2) The He lines behave similarly. The He IT peak occurs somewhat 
later in time than the He I peak. 
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3) The (OV) line is a suitable choice for ion temperature measurements 
both because it lies in a convenient spectral range and because it reaches its 
peak intensity at peak current. 
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7. — Impurity content. 


The actual intensities of the lines are very sensitive to the impurity content 
of the discharge which is very difficult to control. Such factors as reactions 
in the gas, reactions with the wall, adsorption on the walls and emission of 
impurities by the walls all tend to make the impurity content uncertain. The 
impurity content of the discharge can be obtained from the relative intensities 
of lines which have known transition probabilities. In a case where the known 
added impurity was 5% Nitrogen the following results were obtained: 


C5%, N5%, 01%, F10%, Al 8%, Si 2%, ie. total 31%. 


These estimates are rather crude and may have a large error. 


8. — Electron temperature. 


Information concerning electron temperature can be derived from a study 
of the population of levels of an atom or ion which are excited by electron 
collision from the ground state. If the level which is excited by electron im- 
pact, cannot decay by the emission of radiation to ground state the cross- 
section for excitation by electron impact is sharply peaked near the threshold. 
Excitation by electron impact to levels which can return to the ground 
state in a permitted transition has a different excitation cross-section which 
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Fig. 14. 


varies smooth with electron energy. Thus if both levels are depopulated by 
permitted transitions to neighbouring levels, the intensity of these lines is a 
measure of population in the two upper states. The population of the upper 
levels will therefore be a function of the electron temperature as will be the 
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- ratio of the intensity of the lines arising from transition to neighbouring levels. 


The convenient lines in Hel are 3589 À and 5016 À. An example of this 
type is shown in Fig. 14. 

In the plasma produced in Zeta all the helium lines have a low intensity 
except near the start of the pulse. However a measurement of the relative 
intensities 400 us after the initiation give an electron temperature of 4-10° °K. 
This method can of course be extended to other helium like atoms such as CV 
whose emission spectrum is well sustained. 


9. — Vacuum ultra violet region ((2000~ 400) A). 


A normal incidence grating vacuum spectrograph was used. The spectro- 
meter was mounted on to the torus through bellows and evacuated to prevent 
atmospheric absorption. Care was taken to prevent vibration of the spectro- 
graph and a subsidiary experiment checked that no broadening of the lines 
was produced in this way. 

1000 lines have so far been observed but only 400 have been identified. 

Calibration of the plates is difficult and because of this no temperatures 
have yet been derived. The most interesting region will probably be 500 À 
to 20 À where a grazing incidence spectrograph is necessary. No such equip- 
ment is yet in operation at Harwell. 


40. — X-ray crystal spectrometer ((20 + 2) A). 


A bent crystal (e.g. fluorite) is used to reflect the X-rays through the Bragg 
angle and focus them on to the photographic plate. Measurements with such 
an instrument can provide interesting information, particularly using the 
hydrogen like resonance lines of O VIII and © VI. In addition the brems- 
strahlung radiation in this region should give information about the electron 
temperature. | 

An attempt has already been made to measure the bremsstrahlung ra- 
diation with a xenon filled X-ray proportional counter having a berillium 
window .008 cm thick. This method has not been successful due to a large 
flux of high energy X-ray ((20 --100) kV) of non-thermal origin. 


41. — Total radiation intensity. 


This is important. If the plasma is well confined then energy escapes only 
through radiation and not through particle bombardment of the walls. Measu- 
rements of the total radiation are made using a thermopile; 50 mV/W cm? 
time constant 1.58; overall sensitivity 107* J/em? for 1 mm deflection. 
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Particles may make a contribution to the energy measured. However, 
upper and lower limits to the radiation may be obtained by using thin shielding 
films (10-5 cm) in front of the thermopile which can be removed. 

In high current discharges it is always difficult to determine how the energy 
communicated to the plasma reaches the walls. 

Some preliminary figures relevant to Zeta are: 


Integrated product V,,, XI, 20 -10* joule/pulse 
Ohmic losses in gas [?R 44 “104% » » 
Total radiant energy (film in) 116-104 wa > 

» » » ( » out) "Hs l'es » 


A number of possible modes of energy loss have been left out. For example 
eddy currents induced in various metal components (e.g. tube walls ete.) are 
estimated to contribute at least an energy loss of 2-10*J. If fluctuating mag- 
netic fields of higher frequency are considered this figure may be considerably 
exceeded. 


12. — High energy radiation. 


In a high current Deuterium plasma neutrons, protons, X and y-rays may 
be produced. These X-rays are due to run-away electrons. A report on this 
mechanism was given by Dr. A. GIBSON at the Venice Conference 1957. In 
Zeta the average energy of the X-rays is about 50 keV with occasional bursts 
100 keV. About 10° X-ray quanta are emitted per pulse. 

By inserting a tungsten wire across the discharge plasma and .recording 
the emitted X-rays using a pinhole camera it was shown that the run-away 
electrons are mainly confined to the central region of the discharge. Using 
metal targets estimates of the run-away electron current can be obtained 
(e.g. 40 mA per em? in small toruses). The X-rays are monitored with Nal 
scintillation counters. The neutrons were measured by conventional methods. 


1) Using BF, proportional counters mounted in paraffin. The counter 
was surrounded with two layers of 2 em thick aluminium to screen out the 
electrie and magnetic fields. 

2) An indium anode Geiger counter was used initially to show, beyond 
doubt, that neutrons were being produced. 


3) A plastic scintillator was used to detect the recoil protons produced 
in it by the neutrons. 


It was emphasized that this was an incomplete survey of the field of measu- 
rements in high temperature plasmas. 
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INTERVENTI E DISCUSSIONI 


— L. GOLDSTEIN: 
Was it possible to identify a lag between the electron temperature and the ion 
temperature? 


PC: THONEMANN: 
It was not possible because properly time resolved electron temperature measu- 
rements could not be made due to fluctuations in the amplitude of the observed signal. 


= "RK. GALLET: 
Was it possible to measure electron densities? 


=. P. GC. THONEMANN: 
It was possible at the lower density to put limits on the electron density using 
8 mm waves. At higher densities (1014 electron/em?) it is necessary to use 4 mm waves. 


= L. GOLDSTEIN: 
You stated that Saha’s equation is not valid because radiation escapes from the 
gas, but is it not true that the metal walls reflect the radiation? 


— P. C. THONEMANN: 
The important radiation has a wavelength of the order of 100 A and only about: 
(4+10)% could be reflected. 


— L. GOLDSTEIN: | 
( Are the Langumuir probe measurements seriously influenced by the secondary 
electron emission caused by electron and positive ion bombardment? 


— P. C. THONEMANN: 
Electron emission due to positive ion bombardment is not appreciable but both 
photoemission and secondary electron emission are important and difficult to estimate. 


— D. REAGAN: 
Do you have a hollow discharge column in Zeta? 
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— P. C. THONEMANN: 
No, I only used the example of a hollow discharge because it is easy to explain. In 
Zeta we have a mixed field configuration. 


— E. WEIBEL: 
Does the axial magnetic field stabilize the discharge? 


— P. C. THONEMANN: 
Yes, the magnetic probe results show that there are no gross instabilities and this 
is conformed by streak photographs. 


— E. WEIBEL: 
Are the magnetic probe results repeatable? 


— P. C. THONEMANN: 
Yes, the main features do not vary from shot to shot. 


— E. WEIBEL: 
What is the ratio of B, to B, in Zeta? 


— P. C. THONEMANN o 
I think you are asking if the difference in magnetic pressure will permit any gas 
pressure. It will, and in fact «nkT » is of the order of 


1-83 
487° 


— V. FERRARO: 
What is the ratio of the tube to that of the discharge? 


— P. C. THONEMANN: 
onl. 


— V. FERRARO: j 
Is the compression of the lines of force uniform? 


—.P, C. THONEMANN: | 
‘Yes. | 


— A. GILARDINI: 


Has a different output been found between a different polarization of the miero- 
waves used? 


— P. C. THONEMANN: 


This experiment has not been attempted yet. Great difficulty is experienced in 
arranging the equipment to get a sensible result at all; this is mainly due to interference. 
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If you are thinking of the magnetic fields, one must remember that the magnetic field 
changes with radius from a purely axial to a purely azimuthal one and thus one would 
not expect any marked polarization. 


— A. GILARDINI: 


By analogy with cavities when n, is increasing one finds that the plasma reflects 
strongly first when the electric field is normal to the axis i.e., when it is in a direction 
of the density gradient; and secondly when it is parallel to the axis (along which there 
is no density gradient). 


— P. C. THONEMANN: 
This experiment should certainly be tried. 


= A. AVIVI: 


Regarding the disappearance of the spectral lines at high current no lines do appear, 
or do the lines actually disappear? If so might there not be some energy process involved, 
and not necessarily an increase in the degree of ionization? 


— P. C. THONEMANN: 


This is not easy to answer simply. The intensity of the lines observed at low cur- 
rent decreases; then new lines appear. They can be seen on spectrographs, but are 
only weak. I am sorry that I can only give you qualitative information. Plates taken 
at the highest currents and in a clean discharge have relatively few lines compared 
with lower currents. 


MR: GALLET: 


Can you summarize the present view about the origin of the neutrons? 


=— P. 0. THONEMANN: 

The most reasonable interpretation is that they come from a beam of deuterons 
which are circling round the torus with an energy of about 17 kV. These results have 
been recently published by B. Rose et al. in Nature. The energy was measured by 
. means of a high pressure diffusion cloud chamber, which was collimated to look along 
the axis. A shift of neutron energy was observed when the discharge current was re- 
versed, this is assumed to correspond to a reversal of the deuteron beam. 

The results are explained by assuming that 10 of the deuterons have this high 
energy. It is thought that the neutrons are not produced by instabilities because they 
appear uniformly over the torus and because the magnetic probes show that there 
are no gross instabilities. ROSE et al. have suggested that in the early stages of the 
discharge, when the electric field is high, deuterons may «run away » in the same 
way as electrons, and that the beam so estabilished may continue to circulate in 
the plasma. The particles of this beam will occasionally collide with slow deuterons 
giving rise to the observed neutron emission. 


— T. GoLp: 
What is the long wavelength limit to the measurement of total radiation? 
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— P. C. THONEMANN: 
The wavelenght must be smaller than the slit width, say about 0.1 mm. 


— T. GOLD: 
Would you expect a very large amount of radiation beyond this limit? 


— P. C. THONEMANN: 
We plan to use an infrared spectrograph to determine this. 


— T. GOLD: 
There must be a large amount of energy still undetected. 


— P. C. THONEMANN: 

True. It is still a serious problem to determine how the energy comes out. The 
only hope is to scan the whole electromagnetie spectrum. It is possible of course that 
most is lost in particle bombardment of the walls. 


— D. REAGAN: 


How well do you know that 17 kV number? Is there a large error or is it sharply 
defined? 


— P. C. THONEMANN: 


This is sharply defined. At a guess the error is +5 kV. We have plans under 
way to measure this more accurately with He III proportional counters. 


— A. GIBSON: 

I would like to point out that there are objections to the mechanism of neutron 
emission proposed by Rose et al. In particular it is difficult to see how a 17 keV 
deuteron beam can be contained, one would expect magnetic containement to depend 
on the square root of the mass of the particles; thus if 17 keV deuterons can be con- 
tained it should be possible to contain 1 MeV electrons. However the X-ray emission 
from Zeta shows that this is not possible (the X-ray energies are less than 100 keV). 


— P. C. THONEMANN: 


This has puzzled me. It is difficult to see how the ions can run away in the plasma. 


— A. GIBSON: 


It is possible for the deuterons to obtain an energy which corresponds to the elec- 
tron drift velocity. It is possible, but not; proved, that there are parts of the discharge 
where this energy can reach 17 keV. 


— R. GALLET: 


It is possible that ions could be accelerated in front of the crests of longitudinal 
plasma oscillations, the ions could thus get high energies. 
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— P. C. THONEMANN: 


There are many of these mechanisms. 


— A. GIBSON: 


Dr. Jukes at HARWELL has investigated a somewhat similar mechanism using in- 
stability waves and it seems to give promising results. 


De REAGAN: 


Have you examined the energies of radially emitted neutrons? 


— P. C. THONEMANN: 
No, that has not been possible as yet. 


— L. BIERMANN: 


I do not see any difficult in containing the deuterons, the Larmor radius is only 
a fraction of the tube radius. 


A discussion followed between BIERMANN, GIBSON, LÜST and REAGAN in which it 
was emphasized that it is the azimuthal (Bo) field which is important in producing 
confinement. The limit placed on deuteron energies by the X-ray observations was 
again mentioned (see a previous remark by GIBSON). 
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1. — Introduction. 


In all plasma physics, either at high degrees of ionization and at high 
temperatures, or at low degrees of ionization and at low temperatures, the 
interpretation and prediction of experimental results require a knowledge of 
the interaction parameters between electrons, ions and neutral molecules. 
Measurements in conventional gas discharges make possible a determination 
of many of them, provided the experimental conditions are properly chosen. 

However, only recently the use of microwave methods and of high- 
purity gases, obtained by new techniques, have led to significant and clean 
experiments, from which the important interaction parameters could be de- 
termined. The success of microwaves techniques in the old field of gas dis- 
charges is due essentially to the following reasons. 


1) The plasmas, which are produced and maintained by microwave 
fields, possess the remarkable property, over a very wide range of pressures 
and container dimensions, of being independent of the electrodes and of the 
container materials. All ionization phenomena are within the gas and, in all 
cases where collisions, excitation and ionization data are known from inde- 
pendent beam scattering experiments, theory and experiment can be com- 
pared without the necessity of introducing adjustable parameters. 


2) In a microwave discharge the purity of the gas is much better main- 


tained, than in d.c. or in low-frequency discharges, because there are no hot 
electrodes and no liberation of occluded gases at the container walls by bom- 
bardment of heavy energetie ions. 


3) The measurements of the high-frequency complex conductivity of a 
plasma permit the accurate evaluation of the electron densities and collision 
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frequencies. Many interaction parameters can then be inferred from the va- 
riation of density with time in a decaying plasma. 


4) The electromagnetic noise generated in the microwave region is a 
measure of the electron temperature. 


The best experimental conditions will then be achieved, when for purity 
reasons the plasma is produced and maintained by microwave fields, and when 
for accuracy purposes the plasma properties are measured by microwave me- 
thods. The use of microwaves for both purposes simplifies also the experi- 
mental set-up in most cases. In these lectures I will discuss mostly the expe- 
riments which have been performed along these lines at MIT. by Prot.work: 
ALLIS, by Prof. S. C. BROWN and by their co-workers. Mention will be also 
made of the work done along the same lines by the Westinghouse Group and 
of the work done on points 3) and 4) in d.c. maintained discharges by Prof. 
L. GOoLDSTEIN and his co-workers. 

Most of the discussion will be concerned with the production and with the 
measurements of plasmas of low temperatures and of low degrees of ionization 
for the following reasons: 


1) most of the data refer to these classical conditions, 


2) some of the measured parameters, as for instance the collision fre- 
quencies of electrons and ions with neutral gas molecules, are of basic interest 
also in highly ionized plasmas. 


Moreover, the discussion of these plasmas will be most useful insofar as to: 


1) show the basic phenomena which control the behaviour of microwave 
generated plasmas, 


2) indicate the limits within which the electrodes and the container 
walls do not control the discharge, a 


3) indicate along what directions we may expect to be able to obtain 
highly ionized plasmas with microwaves. 


During the last two years considerable work has been done by the MAL TS 
Group with regard to the production of highly ionized microwave plasmas. 
The aim is not to reach the conditions required by a thermonuclear fusion 
experiment, but to investigate the fundamental properties of these plasmas. 
For this reason, most of the efforts have been directed towards the production 
of a low temperature plasma with a high percent of ionization by working 
at very low pressures, $0 that only moderate ion densities are necessary. Con- 
sidering that this course is mostly devoted to the physics of fully ionized gases 
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and that I shall make often mention of these new research aims, it seems 
worth to spend a few more words on this problem now. 

We shall specify first the pressure and density ranges of interest for the 
microwave production and diagnostic of highly ionized plasmas. The electron 
density n (m-*) which corresponds to the ionization fraction x at the pressure 
p (mmHg) is: 


(1.1) n= 3.5-10% ap. 


The maximum density, which can be achieved without too much effort or 

special set-ups by means of a microwave field, is of the order of the density 

at which the plasma resonance frequency (@,/27) coincides with the field fre- 

quency (w/27 — f). At higher densities the dielectric constant, which, neg- 
lecting collisions and in usual notations, is 


p2 2 
(1.2) E = & Die =: |1— ci ’ 
MEA a) 


becomes negative and the applied field does not penetrate efficiently inside 
the plasma. We shall then try to work at pressures such that 


| MED? 

3.5-102 NE] 9-10 27: 

(1.3) | aa LAS 
ap <13.0"107%#/2: 


To remain in à reasonable pressure range, we must move f well into the micro- 
wave region. We then select frequencies between 10° and 101 Hz (centimeter 
wavelength region) and pressures between 10-5 and 10-* mmHg; the corres- 
ponding densities per cm? are in the (101-101?) range. 

At these pressures the electron mean free path is much larger than the 
usual plasma dimensions, so that ionization in the gas becomes unlikely and 
ionization at the walls by secondary effects becomes predominant. In this 
case we may lose the purity of the gas, typical of the ordinary microwave 
discharges. Moreover, a very high electric field is required for the gas break- 
down. 

By using a magnetic field to reduce the ionized particle losses, we can again 
produce a true gas discharge, namely a plasma controlled only by the ionization 
in the gas. Moreover, if the frequency of the field for breakdown is chosen 
very close to the cyclotron frequency, we can produce breakdown with a very 
low power. 

Experiments in the discussed ranges will permit the determination of many 
interaction parameters, to be used in the design and interpretation of thermo- 
nuclear fusion experiments and for the discussion of astrophysical data. I 
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- shall remark that, compared to the determinations made in à thermonuclear 
experiment, microwave determinations are characterized by being made: 


1) in a high purity gas, 
2) in steady state conditions, 
3) in stable discharges, 


4) under controlled conditions. 


As already said, however, I shall discuss in these lectures mostly ionized 
plasmas, with low degrees of ionization and with electron temperatures of à 
few thousand degrees only. I shall give first à general, basic formula for the 
plasma microwave conductivity, and successively the theoretical expressions 
for the other basic plasma parameters, which determine the behaviour of à 
ionized gas (energy gain, distribution function, ionization and excitation fre- 
“quencies, average energies, etc.). The microwave breakdown condition, both 
in absence and in presence of à statie magnetic field, will then be obtained 
and compared with the experimental results. A short review of the basic 
characteristics of the microwave sustained discharges will be also presented. 
Finally, I shall discuss the problem of measuring electron densities and col- 
lision frequencies in resonant cavities. 


9. — The plasma microwave conductivity. 


We shall derive first a basic general formula for the plasma microwave 
conductivity as a function of the plasma parameters. This derivation has 
only the purpose of making the final formulas acceptable; a rigorous demonstra- 
tion based on the Boltzmann equation, but neglecting long range electron-ion 
collisions, is given in Aris’ paper in the Handbuch der Physik. 

The conductivity of a plasma at high-frequencies has been discussed here 
also by Prof. FERRARO and Dr. GALLET, but I need a more general formula, 
namely a formula valid: 


a) when the distribution function is predominantly spherically sym- 
metrical in velocity space, but not necessarily Maxwellian or near to a Max- 
wellian one, 


b) when the electron collision frequency is an arbitrary function of the 
electron velocity. 


We assume here an infinite uniform plasma, whose components are electrons 
(density n), neutral gas atoms or molecules (density ,) and singly ionized 
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atoms or molecules (density #,). A uniform alternated electric field E exp [jot] 
and a uniform static magnetic field B are applied to the plasma. We call f(v, t) 
the electron distribution function, which is independent of the position in 
the plasma. In all the cases we shall discuss, the average motion of a single 
electron can be regarded as the sum of a large random motion and of an oscil- 
latory motion of much smaller amplitude due to the applied field. If we re- 
gard the collision effects for this ordered motion as a continuous loss of mo- 
mentum, this motion becomes a steady state sinusoidal motion, equal for all 
the electrons having the same speed v; we indicate its velocity as v,(v) exp [jot]. 
By subtracting this oscillatory velocity from the individual electron velocity v, 
we then obtain an ensemble of particle velocities, which represent the random 
motion, and therefore has a distribution independent of the velocity direction 
and of time (fo). 
We then have 


f(v,1) = fo(|v—v, exp [jot]}), 
2 fe re [jon], 


ce 


 fo(v) — > Jo CXP Dot] . 


The electric current is due to the electrons and given by 


(2.2) — ‘| vf(v, t)dv , 


where the integration is performed over the entire velocity space. The funda- 
mental alternated component of this current is then 


(2.3) Te ef 22 She = 
v dv 


By using a formula already known from Prof. FERRARO’s lectures (eq. (120)) 


(2.4) fra ‘v)v dv = - Afro ; 
we obtain 

¢ a 0 

(2.5) Jot Le 4 a vd = = — en), 


0 
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| where the brackets indicate the following type of average 


tà 
% 


Le] 


(2.6) | = E [ow ra. 


0 


This type of average is in general different from the usual average 


2.7) p= [oerporar, 


which we shall also use in the future. 
To compute J we must know v,. For this we write Newton’s law of motion 
for the average electron of velocity v in the form of Langevin’s equation 


(2.8)  md(v, exp [jot]) =— e(E+ v, x B) exp [jot] dt — mv.v, exp [jot] dt , 


where »,(v) = »,(v)+v.(v) is the total collision frequency for momentum transfer. 
The quantity », is the collision frequency for momentum transfer between 
electrons and neutral -gas molecules 


(2.9) Vm(0) = nso a(0, %)(1 — cos x) LQ, 


where q, is the scattering cross-section for these collisions, % is the scattering 
angle, d2Q is the differential of the solid angle and the integration is performed 
over all scattering angles. Analogously v4(v) refers to collisions between electrons 
and ions, and is given by a corresponding formula. Neutral molecules and 
ions are assumed to have very large masses and negligible velocities compared 


to electrons. 

Eq. (2.8) can be written as follows: 
(2.10) Lo, + jo — wy X Ju, = — (e/ME , 
where we have introduced the cyclotron vector: 
(2.11) w, = (e/m)B . 


The solution of (2.10) is obtained by multiplying both sides by (v.-+ja-+en); 
the result is 


(2.12) [(ve + jo)? — wy X (We X ) vg = — (e/m)(v, + jo + OX )E , 
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whence 

(2.13) (Ve + J@)P gy) = — (e/m)E, ’ 

(2.14) [re + jo)? + Od PR =— (e/m)(v + 10 + Od X JE, , 


respectively for the components parallel and normal to the magnetic field. 
Substituting eq. (2.13) into eq. (2.5) we determine the complex conducti- 
vity of the plasma along the magnetic field: 


3 td en Le 
(2.15) = IE = ES RDA 


The conductivity across the magnetic field is determined by substituting 
eq. (2.14) into eq. (2.5); simple formulas are obtained if we 
assume the electric field to be circularly polarized. Let i, 
and i, be two unity vectors normal to the magnetic field 
(Fig. 1); a circularly polarized E, field can then be writ- 
ten as 


(2.16) E,=(i,Fji)E,, 


where the minus and plus signs indicate respectively a right hand and a left 
hand polarization. 
Simple mathematics yields 


(2.17) OC), X E, = (iy + Jin) E | ’ 
= + (tx + ji, oF | = + jo E | . 
Eq. (2.14) becomes 
Le + jo)? — Go) lo, | =— (e/m)(v.+ jo + jay) E | ’ 


(2.18) O + jo F jon)v,,  =— (e/m)E,. 


We shall then define two circular conductivities: a conductivity o, for 
the right hand polarization and a conductivity o, for the left hand polari- 
zation; their expressions are obtained substituting equation (2.18) in (2.5): 


(2.19) ey o. 


? 


)/ 
(2.20) 5 SENI 1 à 
°° aw +) +o)/ 
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When the E , field is linearly polarized, we can regard it as the sum of two 
equal and opposite circularly polarized fields, and then define a transverse 
conductivity o, in the direction of E, 


2(2.21) Onna J | Ex = 3(o,+ 0,) 
and a perpendicular conductivity 


(2.22) 6, =J,lE = { (OA 


These results can be also described in a useful way by introducing a tensor 
conductivity, defined by 


(2.23) J; == > Our 1, l= L,Y, à. 
1 


The matrix of the tensor is then, when the magnetic field is along the 2-axis, 


a ) 
9 (ce 7 on) 9 (Se Dati 0») 0 

(2.24) Hide Res Le 1 
> 9 (0, or) 9 (Se È Oo 0 
0 0 oi 


From the complex conductivity the complex dielectrie tensor can be derived 


(2.25) En = £0 (0, + SE | : 
JME 
where 6 is the Kronecker’s symbol. 
A few remarks on the conductivity formulas, we have derived, must now 


| be made. 


1) We have assumed à uniform density and à uniform electric field. How- 
ever, the above formulas give correctly the local conductivity also when the 
above quantities are changing with position, provided, that density and field 
gradients are not exceedingly large. 


2) In the absence of the magnetic field (a, = 0) we have only a current 
in the E direction, and the scalar conductivity o is simply given by the pa- 
rallel value o,, which does not contain w, (Margenau’s formula [1]). The di- 
electric constant e is then 


: ne? IO ad 5 AREE 
(2.26) € A (E) = € |! (2) \1- jo) / 5 
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In a low pressure plasma and at microwave frequencies, we satisfy very often, 
over the main part of the f, distribution, the condition y? <q. Formula (2.15) 


becomes then 

en : 
2.27 = ——[(w) — Jw 
(2.27) o moi [Pod jo], 


a very well known formula. 


3) When », is constant, 


(2.28) lv)» = p{n) ; 


and we cancel the brackets in all the conductivity formulas. 


4) The derived conductivity formulas are rigorously valid only as far 
as electron-electron collisions can be neglected. This sets limits to the max- 
imum degree of ionization, for which the formulas can be used. We must, 
however, remark that mutual electron collisions change the conductivities only 
as a second order effect. 


5) Within the above limits the formulas are valid also in the d.c. case 
(o — 0). In particular, we obtain in the absence of a magnetic field («y = 0) 


(2.29) LE pea $75 8) 


This can be related to the diffusion coefficient, but not always by the simple 


Einstein relation. In fact, in the w, = 0 case, the free diffusion coefficient for. 


the electrons is: 


_ (x 
(2.30) nat (3) 


When », is constant, we obtain 


3e?n _ en 


2.31 a he, 
( ) as mo? kT 


D, 


and the same relation can be shown to be always true when the distribution 
is Maxwellian. Eq. (2.31) is the well-known Einstein relation. 
The real and imaginary parts of the circular conductivities are shown in 
Fig. 2, as a function of @,/v, for a collision frequency independent of velocity. 
The collision frequency v, is in general a complicated function of velocity. 
Particularly », shows large variations with velocity due to the Ramsauer 
effect at low energies. The theoretical knowledge of the molecular fields is. 
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i 


not, in general, enough accurate for a precise determination of vm(v); we then 
usually prefer to determine it at very low energies by measuring microwave 
plasma conductivities under known experimental conditions [2, 3]. At energies 


Fig. 2. 


larger than about 1 eV, the collision frequency 7, can be derived from beam 
scattering experiments. 

The collision frequency »; comes in when the ion density in the plasma 
is sufficiently large. Prof. FERRARO has shown how to compute it according 
to SPITZER, and I shall use his formula, written in the form 


Bu? 
(2.32) y. (®) = A (1+ n), 


where # is the average electron energy in eV, A = 4.04:105 m° 87, 
B=7.1-10-*% (Vm)*. 

The average <v,>, which enters in eq. (2.27), can be easily computed, 
according to the definition (2.6); the result is 


Ag A Bu? 
3 fo(0) In (1 SP a ) 


(2.33) a 


where we have set n; = %. 
For a Maxwellian distribution 


8m \? 3mv? 
(2.34) foto) = (ee) n exp = | 7 


the conductivity o of a low pressure (vo? < w?) plasma [4] will then be 


2 Bu? È 
(2.35) o= a (Em (1+ 2) + 6) —iol 
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where A’— 2.7:10-12 m? s-1 V#. At low electron energies, as we have in a late 
afterglow (w= 0.04 eV), <v;) becomes comparable to €, already at moderate 
electron densities. This condition was then chosen by ANDERSON and GOLD- 
STEIN [3] for determining <v4.) from plasma conductivity measurements. Theory 
and experimental results seem to be in fairly good agreement. 


3. — Power gain and effective field. 


Knowing the plasma conductivity, it is useful to compute the average 
power gain per electron from the field. This power, in eV per second, will be: 


(3.1) = Re [E-J]. 


Substituting for J the value given in eq. (2.5) the power becomes: 
a 1 
(3.2) — 5 Re[E-<v,)] =—5<Re (E-v,)>. 


The quantity — (1/2)E-v, has a clear physical meaning: it is the power gain 
of an electron with velocity v, and can be written as »,u,, u. being the average 
energy in eV gained by an electron of velocity v per collision. The average 
power gain per electron is then <v,u,>. 

The energy gain u, can be easily expressed, as a function of the applied 
field, by substituting for v, the values (2.13) and (2.14) in the definition of w,: 


x 


(3.3) u=—5- Re (E-v,) . 
We obtain 
we aig ae pa | Bo ile Lai) Pi pini 
2y, m vtjo (+ jo) + wi 
see NE E, 
2m |p? +? 2v+(0+@)? 22 +(0— |" 


When », is independent of velocity, w, is independent, too. The power gain 
per electron is then 


(3.5) VW) Molo eE°/mv, ’ 
where the field , is given by 


(0) pietre Pi 
211+ (w/v)? 21+ (0 + w,)?/r? 
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The field Æ, is an equivalent r.m.s. field, called « effective field », which has 
the important property of taking into account at the same time the frequency 
and the amplitude of the applied field. At very high pressures, the effective 
field coincides with the applied field. 


4. The electron distribution function in microwave discharges. 


In a highly ionized plasma the distribution function is approximately Max- 
wellian, due principally to mutual electron interactions. Analogously in the 
late afterglow of an impulsive discharge, when the decaying plasma has achieved 
thermal equilibrium with the gas molecules, the distribution is Maxwellian 
(4 = 3kT,/2e, T, being the gas temperature). 

In a microwave generated and sustained discharge, at low degrees of ioni- 
zation, the distribution function may, instead, be very far from Maxwellian. 
Whereas this distribution should be computed rigorously by solving the Boltz- 
mann equation, we shall here limit our analysis to an approximate evaluation 
of it. More precisely, we need an accurate knowledge of the shape of f, in 
the high energy tail, in order to compute excitation and ionization rates, and 
an approximate knowledge of the main body, in order to compute average 
plasma parameters. 

We then write an equation for fo, which is accurate in the high energy 
region, and afterwards we shall use it in determining also the main body 
of fo. This equation is the flux equation in velocity space and says that the 
rate at which electrons in the high energy region pass a velocity v in the 
upward direction is equal to the rate of inelastic collisions occurring at velo- 
cities higher than v. 

The flux rate can be written as the time average of the radial component 
(in velocity space) of the electron acceleration, multiplied by the distribution 
function and integrated over a sphere of radius 2, 


(4.1) Re [|- © E +0,x8) (5) a) Piga 


d, 
1e dfo 2 
LS + v, X B) fre vo) 3,4 es 
By using the general formula 
: An 
(4.2) [rc (A -v)v a? Q = > o F(0)A , 
we obtain that the flux is 
4x e dl RI » Af 
os) Tie AC ee a ae 


having used eq. (3.3) and considered that v, > v+ at low degrees of ionization. 
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The rate (4.3) must be equal to the rate of inelastic collisions occurring at 
velocities higher than v: 


rage Az € 7 pa Lo 
(4.4) fe. + v4)fo(v)4av? do = — n VmU eV dv” 


v 


where »,(v) and »,(v) are respectively the electronic excitation and ionization 
frequencies. 
By differentiating eq. (4.4) we get: 


e d df 
(4.5) (v, + vi)0?fo = Sa ap CS 3 


The experimental values of (v,+v;) can be written for most gases in the form: 


= 0 when y<1, 
(4.6) Va + Vi 
= Vm(hoy — hi) when y> 1, 


where 


y= (vo) and v,=V2eu/m, 


, being the potential of the first electronic excitated state. 

At electron velocities larger than v, (region of inelastic collisions), the solu- 
tion of equation (4.5) can be written, when v, is independent of velocity, as 
follows [5]: 


(4.7) fo = Cy” exp [— ay]( > b,/(ay)") , 


n=0 


where C is an integration constant and 


ee paves h n 1—4(1+ a'— 2r)? 
(4.8) a—V(Bhf/2)(u.fu), a’ =a, b=1, b= TI LE ) 
ho er 32 


For most gases it is possible to determine a constant vm value, which approx- 
imates rather well the true collision frequency vn over the excitation and ioni- 
zation regions, so that the above formulas are of very general use. 

The constant © is unknown, but the knowledge of the shape (4.7) is suffi- 
cient for computing a large number of important parameters, namely all the 
ratios between average excitation frequencies of two different states or be- 
tween an average excitation frequency and the corresponding average ioni- 
zation frequency, etc. These quantities will result functions of u, and then 
of E./P, v, being proportional to the pressure p. Moreover, because of the 
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exponential nature of fo, as given by (4.7), the dependence of these ratios on 
u, will primarily be of the type exp [ Ka] ~ exp [K’'u,*]~ exp [K"p/E,]. 
For instance, the average number of inelastic collisions per ionization, a 
quantity we shall need in the future analysis, is 


— 8 ge fat vi)fodro® do 7 
(4.9) ee ee ip an 
fvif Ano? dv 6 


Vi 


In Fig. 3, N,; is plotted versus p|E, for hydrogen and helium and its expo- 
nential nature is well demonstrated. 

In the energy region y < 1, namely at low velocities (region of elastic col- 
lisions), eq. (4.5) can be easily solved, but its approximation could be bad, 
because it does not take into account the diffusion, attachement, recobi-m 
nation and elastic collision 


losses, which deplete the flux lì oa a 4 
in velocity space. However, 5000 (H,) tali 
it has been found [6] in the ee 
y,— constant case, that the oti Lo 
solution of eq. (4.5) gives à TRC 430 
distribution very close to the 500} H, a 
actual distribution in all 200+ 
medium pressure discharges, 100! de sg 
so that we are justified to ni à 
use itas a firstapproximation | 
for computing all average 20} i 
plasma quantities. 10} | 
The integrals to be used st i 
in calculating these averages 
will be limited on the upper Gi (mm Hg em/V) 
side at an equivalent excita- 15 005 010 DIE P/Ee 020 
tion potential w, (or velocity Fig. 3. 


% = V2eUo/m), where we as- 
sume that the distribution function f, for the elastic collision region goes to 
zero. This potential wo is larger than uw, and takes somewhat into account 
that part of the distribution where inelastic collisions come in. 

The conventional average value of a function g(v) is then computed as 
follows, integrating by parts and substituting df,/dv = const/vn.0® (eq. (4-5)), 


foto gro? dv { (dfo/do) dv PO du {(d0/v 80,02) MOTS dw 
(4.10) @="5 - 2 = 3° = : sa 
SfoAso® dv 1 {(df,/d0)o*dv {(0/vmte) do 


10 - Supplemento al Nuovo Cimento. 
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Analogously the average <g> is computed 


(41/3) fo(fdo dr fo(df/drde  [(ph,u.)odv 
(4.11) <g> =———.—— =" =" 
{fo4av® dv f(df/do)odo  [(L/r,u.)vdv 


0 0 


When »,,(v) is known, ,(v) is determined for given applied fields by eq. (3.4). 
By numerical or analytical methods, the above integrals can thus be com- 
puted and the average parameters determined as a function of the applied 
fields (2, w, «,) and of the gas pressure (p). 

The velocity %,, at which the extrapolated j, for the elastic collision region 
goes to zero, is found by joining the distribution in the elastic region and the 
one in the inelastic region. This is done by equating the logarithmie deri- 
vative at v, of the distribution (4.7): 


(col 


dj ae 2 (2a — a’ + 1.5-+ 2n)(b,,/a”) 


fo 


(4.12) | 


© ? 


Vz D (b,/a") 


n=0 


to the same derivative of the elastic region distribution 


__ (dfo/dv), _ (df/dv),, _ fo. _ 1 
fo(0a) handout jo) av 03(1/0, — 1/00)” 


Vr 


(4.13) 


where », has been assumed constant over the extrapolated region. Simple 
mathematics yields: 


si, —1 
; > (bn/a”) 
us Do + 1 = Di n=0 
Va Ç 
D(2a—a'+ 1.54 2n)(b,/ar) 


n=0 


The velocity %, is a function of the energy gain “., Which enters in the above 
coefficients; within the constant »,, approximation, this velocity, for a given 
gas, is then a function only of Æ,/p. 


5. — Energy balance and ionization frequencies. 


LS have shown how to compute the ratios between different kind of 
inelastic collision rates (N, for instance), but not their absolute values. We 
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shall show now how the average ionization frequency can be determined from 
the energy balance equation; all other frequencies are then derived from it 
and the known ratios. 

Let us consider a uniform non-diffusing plasma, corresponding to a low 
degree of ionization, in a gas of atoms without electron attachment, ion re- 
combination and metastable states. The energy balance equation, written 
on a per electron basis, is 


(5.1) Im) = Up Noi Vi + G(V)UVm - 


The term on the left is the power gain from the field, the first term on the 
| right is the power lost in inelastic collisions, having assumed that the average 
energy lost per collision is wu), and the last one is the power lost in elastic 
collisions. The quantity G(v) is the mean fraction of electron energy trans- 
ferred to the gas molecules, in a collision of an electron of velocity v (in an 
atomic gas @= 2m/M, M being the mass of the atom). The energy tran- 
sferred to the molecules and the radiated energy are assumed to be dis- 
sipated at the container walls. 

When diffusion is present and the plasma is in steady state conditions, 
the energy balance becomes 


(5.2) mu) = Uy Nai Vs + Gum + SUV: - 


In fact the rate of loss of electrons by diffusion must be equal to the rate of 
production (ym), and each electron lost by diffusion carries on the average 
| the energy 5/3. The last statement can be shown as follows. 

Let us call v; the average drift velocity due to diffusion. We then write 
the distribution function as 


- (5.3) i(v) = f(|v — Val). 


It is easy to verify that v, is the average drift velocity (all the integrations 
are performed over the entire velocity space) 


(5.4) [oie = [6e + vq)fo(w) dw = va] fo(w)dw = van. 


The average electron energy is 


(5.5) ua am (o (0) dv = 2 [(ww--vs) (0) due, 
m DE Dune È 
“i; turi = sm [1 fo(w) daw . 
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The average flux of energy per electron is 

: i 2 2 > vi 10 d ~ 
- Juv?f(v) dv = (w + va)(w6° + 2w va + va)fo(V)dw =~ 
n 


i i fa | wher) de a 2 free ‘Va)fo (7) dw] . 


2en 
By means of eq. (2.4) the flux becomes 


2en di 


(5.7) ae (1 + 3) va whale) dw = 3 UVa 5 


which is the result we were looking for. 
In a gas where »,, and @ are velocity independent, eq. (5.2) becomes 


(5.3) Vn Ue = UNriVi uw Gay, de 3 UY; . 


The average energy % is computed from eq. (4.10) with gp =mv?/2e and 
VU, constant: ‘ 


RO Javfo® fav duo 


2e 


__3m % 3% 
. 2e 10 10° 


(5.9) = 
fo do 
0 


The average ionization frequency 7; is then 


S Ve 3G 1 
(5.10) i= 7) vm] (x. + 3) 


The values of ¥,/p, computed in this way for hydrogen and helium, are plotted 
in Fig. 4, as a function of E,/p (4 —2m/M). 

When attachment and recombination are present, the value 5% for the 
average energy carried away by each lost electron is no longer correct. How- 
ever, this term is in most cases only a correction term, and considering our 
usual ignorance of the energy dependence of these effects, we shall not try to 
write a better equation. Eq. (5.2) is then assumed correct also in these cases 
(eventually we could drop the factor 3). 

When, as in rare gases, atoms have metastable states with high excitation 
probabilities, new terms enter in the balance equation. Let us consider a 
Penning mixture, namely a rare gas contamined with a small amount of ano- 
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ther gas with an ionization potential u, lower than the metastable level u*. 
Let the concentrations be such that each excited metastable collides locally 
with an impurity atom and 

ionizes it, releasing the as | | 
energy difference (u* — 4;) 
mainly to the new free electron. n 
Moreover, the probability, which 
an electron moving up in energy 210° |- 
has to excite the first excitation 1.108 
level (metastable u*), far ex- 


SL 
ceeds the probabilities to excite si 
successive levels and to ionize. 210° 
In this approximation «= «* 110°} 
and 7; can be neglected com- 510° | 
pared to »*, the average ex- _ ol 
citation frequency of the meta- h (V/em-mm Hg) 
stable state. However, this er agi Wat La d 230 40 50 7 Ee/P 
frequency »* can be regarded Fig. 4. 


as an equivalent ionization 
frequency Vies, from the point of view of the production of new electrons. 
Then, for a Penning mixture, the energy balance equation is 


ine Fia 2 DA 
KVmUWc) = (u* — Ui)Vica “i WU" Visa M UV 3 U Vieg , 
pe 2m — Dr 
(5:11) me) = UP ica + a + g UVica è 


In the case of helium (vr, = const) contamined by mercury (the so-called 
Heg gas), eq. (5.11) gives 


b u, 3 2m Ma OM 
(5.12) Viva = ET) rm || dr 3) 3 


Also in the absence of contamination metastable states play an important 
role in controlling the discharge. In fact, the collision of two metastable states 
can produce an ionizing event, according to the reaction 


(5.13) Mito LX, 


which is energetically possible when 2u* > u;, the ionization potential. More- 
over, metastables can be ionized by an electron impact during their life time. 
The effects of these processes could be taken into the energy balance equation. 
However, we shall not do it here because, whereas there is experimental evi- 
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dence that the reaction (5.13) plays an important role in determining the 
characteristics of a microwave discharge in rare gases [7], we do not have 
enough experimental results, to compare the theory with, and we do not know 
accurately enough the elementary quantities, which would have to enter in 
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this theory. 


6. — The continuity equation and the breakdown condition. 


We assume first an ideal gas of atoms, without electron attachment, ion 
recombination and metastable levels. In a plasma of this gas, the continuity 
equation for electrons is 


(6.1) 


where D, is an equivalent diffusion coefficient, which in general takes into 
account also the reduction of the electron diffusion due to the space 
charge effects. 

Eq. (6.1) has to be solved with the boundary condition 
n=0 at the walls. Rigorously the density would have to be 
very small at the walls, and to extrapolate to zero in a 


74 no) distance of the order of an electron mean free path. To 
21/3 3 justify this statement, we may write that the diffusing 
electron flow is equal to the random flow which would 
Fig. 5. cross the walls in the absence of them, namely (Fig. 5): 
; dn di 
(6.2) De = 5 veln(0) , 


where / is the mean free path, here assumed constant. In the absence of space 
charge effects D, = 10/3, »,=v/l, then 


(6.3) (=) _ (0) 
de), (21/8) ? 


which demonstrates our statement. Im the pressure range we shall discuss 
the mean free path is usually very small compared to the plasma dimensions 
and the n= 0 condition at the walls can be used. 

We now assume: 


1) no static magnetic field is present, 


2) the gas is in a parallelepiped container of sides LelyLye(Fig,20)} 
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3) the container is in a region of uniform electric microwave field, 


4) at the time #=0, a single electron is present in the position %; Yo, %o 
so that 


(6.4) W(X, y, 2, 0) = Ô(& — xo) Ò(Y — Yo) Ò(e — 20) » 


where 6 is a delta-function. 

When the electron density is very low, the diffusion 
coefficient is the free diffusion D (eq. (2.30)). This coef- 
ficient and 7, are independent of position, and the 
solution of eq. (6.1) becomes 


MITE 


ke ._ ‘ft ; 
(6.5) n(æ, y, 2, t) = >» Gyim(LoYo:2o) SIN Es sin (72) sin | 7 Jexp [Yrimt] » 


kim 
ka at la lg ma\? 
Li Ly E 
As we have seen (Fig. 4), 7, is a fast varying function of the applied field, 
whereas D is not. Let us perform an experiment, where the pressure and 
the frequency are held constant and the field is increased. At very low fields 


5, is practically zero, the yxim are all negative and thus the electron density 
cannot build-up. As soon as we pass the condition 


where 


(6.6) Vem — vi: — D 


(6.7) 5 = DIA?, 


where 
al GA TEN TUNG 
(6.8) 4= (7) +(7) + (5) 


Vin becomes positive and the density increases indefinitely with time. The 
gas is broken down and eq. (6.7) is the CW microwave breakdown condition. 
The quantity A is called the container diffusion length and eq. (6.8) gives 
its value for a parallelepiped geometry. For other shapes it is usually well 
known from the general theory of particle diffusion. In particular, for a 
cylindrical container of height Z and radius E with flat ends, we have 


n a 


In a constant », gas (see eq. (5.9)) 


2 
(6.10) D=— = 


963 
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Then (Dp) is a function of E,/p alone; the same was shown to be the case for 
v:ilp. Eq. (6.7) can then be written as 


(Dp)/:/p) = (pA)? 
(ARE 


(6.11) (pA)? = F'(E,/p) . 


Substituting for Dp and »,/p the values given by eq. (6.10) and (5.10), we 
obtain 


(6.12) 


(E Nat) 4 
È )= [10(u./u5) — 3G ](v,,/p)* 


In this espression E,/p enters in u. (= (e/m)(E,/p)?/(Ym/p)?), Uo, vi and N,:. 
By changing the proper variables, eq. (6.11) becomes 


(6.13) EA=P"(pA). 


This last equation is the equivalent of the Paschen law at microwave frequen- 
cies, and is very important because it shows that all breakdown data can be 
represented on a single plot, provided we use the proper variables. 


Amplitude of 
oscillation limits — 
7 


| 
01 1 PA — (cm- mm Hg) 100 
Fig. 7 
Recombination and ionization by metastable-metastable and metastable- 
electron collisions require high densities to compete comparatively with direct | 
ionization and diffusion and thus they do not enter into the breakdown equa- | 
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tion. The theoretical microwave Paschen curves for hydrogen and helium 
have then been computed with the above formulas and plotted in Figs. 7 
and 8 respectively. 
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Fig. 8. 


When electron attachment is present, as in oxygen, we must add the term 
(— pn) to the right of ed. (6.1), where ¥, is the average attachment frequency 
per electron. The most general form of eq. (6.7 ) is then 


(6.14) i sei 


In a Penning mixture, eq. (6.7) is still valid, provided we use #4 for the 
average ionization frequency. In the case of the Heg gas, the function Fe 


(6.15) 


per (te + Li 
pi (È Lak semer 2 x 80.4 
x dic): AG) (B,/p)? — 5.2-104 
si p i 


The equivalent Paschen law is then (A in em, E, in V/em) 
(6.16) (E,A} = 80.4 + 5.2 -(pAY . 


This curve is plotted in Fig. 9. 

If the container has glass walls, the breakdown characteristics can be 
changed by the persistence of free charges on the walls. Then the metal ca- 
vities themselves are used as gas containers. In this case the uniform field 
condition can be satisfied only by those cavities which approximate à ‘parallel 
plane geometry, the maximum field being between the plates, normal to them 
and practically uniform over a region large compared to the plate separation L. 
The predominant diffusion is then normal to the plates, and the diffusion 
length is simply À = L/x. 
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Experimental data obtained by ALLIS, BROWN, MAcDonaLp and REDER 
under the above conditions in hydrogen [6, 8], helium [5] and Heg [8], are 
plotted in Figs. 7, 8 and 9. 
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Fig. 9. 


The agreement between theory and experiment is fairly good, considering 
that no adjustable parameter has been used in the theory. A complete agre- 
ement at low pA values is obtained, if a better approximation is used for the 
distribution function, namely if a diffusion term is taken into eq. (4.5). 
Unfortunately, however, the solution of this generalized eq. (4.5) is not 
expressible in simple terms, except when vm is constant. For this reason, 
we have neglected throughout the additional diffusion term and followed a less 
exact, but quite general procedure, which is readily usable also when »,, is 
velocity dependent. 

The detailed dependence of the breakdown field on pressure and frequency 
can be easily derived from the Paschen microwave equation. We shall use 
for this discussion eq. (6.16), which is analytically very simple; the results 
are, however, quite general. 

By introducing the actual breakdown field Æ, 


m n? 
(6.17) wa a(14S) xe, 


966 


on 


MICROWAVES IN A IONIZED GAS WS 


eq. (6.16) becomes 


6.3 - 108 
(pa)? 


(6.18) (EA)? = i + |tio1 + 10.4(pA)], 


where À is the free space wavelength in cm. 

Here (EA) is a function only of (pà) and (pA); this is a quite general 
result, which by dimensional analysis [9] can be demonstrated true for the 
microwave breakdown of any gas. 

According to (6.18) the breakdown field is directly proportional to the 
pressure, when this is high, and is inversely proportional, when it is low 
(Fig. 10). At high pressures the breakdown 
field is independent of A and 2. At low pres- 
sures it decreases, when either A or À are 
increasing. 

At the breakdown limit (6.7) the build- 
ing-up time of the discharge is theoretically 
infinite; if a small over-voltage is used, the Fig. 10. 
building-up time is finite and can be mea- 
sured as a function of the over-voltage. From this the coefficients v;/p and 
Dp can be separately derived. The agreement between theory and experiment 
for hydrogen is very good [10]. 

The above breakdown theory is correct in the range where diffusion theory 
is valid: that can be assumed to be where 


log E 


AorA 
increasing 


log p 
—d 


(6.19) Are (2). 


Vm 


For hydrogen this means pA > 2-10? cm mmHg, for helium and Hg 
pA > 6:10 cm mmHg. 

Moreover, in order to prevent the walls from controlling the discharge, 
the amplitude of oscillation of the average electron must be smaller than the 
dimensions of the container, let us say, be smaller than L/2 in the parallel 


plane case. The amplitude of the oscillation is easily derived by integrating 
eq. (2.13); assuming Ym independent of velocity, we obtain 


e E eV2E, _L 
Se 


M VE, + wo? M Om 2 


(6.20) 


For hydrogen we then have the condition (in usual gas discharge units) 


(6.21) E,A < 7-108 (pA)(A/A) , 


t- 
© 
(cri 
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and for helium and Heg 
(6.22) EA<3-105 (PA)(4/4) ; 


Then, for each value of (A/A), we shall have on the Figs. 7, 8 and 9 a straight 
line, which delimits the validity region as the one on its right side. This shows 
also that, in order to have a diffusion controlled breakdown, we must use 
high frequency fields. 

When the shape of the cavity does not approximate the parallel plane 
geometry, the problem is much more difficult, because the field non-uniformity 
comes in. A theory has been given [11] also for this case, but we shall not 
discuss it here. 


7. The breakdown in a superimposed magnetic field. 


When a static magnetic field is present, the diffusion coefficient which 
enters into eq. (6.1) is no longer a scalar, but becomes a tensor. Referring 
to the parallelepiped container in a uniform microwave electric field, with a 
superimposed magnetic field along the z-axis, the continuity equation at low 
electron densities is: 

i E SONS ‘On On on 
(7.1) ap eh D, a + =" 


Here the parallel diffusion coefficient D, is equal to the diffusion in the 
absence of the magnetic field D (= v*/3y,,) and the transverse diffusion co- 
efficient D, is given by the average y,,v?/3(»2, +«?). 

The solution of the diffusion equation is still given by eq. (6.5), where now 


(7.2) Veim = Di — D, [(kr/La)® + (la/L,)?] — Dima/L,)? . 
In a constant »,, gas, like hydrogen and helium, we have the simple relation 
(7.3) D, |D = vi,|(vin + @§) . 


The CW breakdown condition remains then given by eq. (6.7), provided a 
modified diffusion length is introduced as follows: 


il vi, TT 2 TT 2 TT 2 
TA Aa ae FN 
(7.4) Al y, Fo (È) % pi | sl Gi | 
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The effect of the magnetic field on the diffusion is then equivalent to an in- 
crease of the container dimensions normal to the field. Analogous formulas 
can be easily derived for other container shapes. 

To discuss the effects of the magnetic field on the breakdown we refer 
to eq. (6.16), which is still valid for Heg, provided À is the modified diffusion 
length. The magnetic field enters also in the 
expression for the effective field E., according to 
the general expression (3.6). E 

The following typical results can be easily chec- 
ked with the above formulas: 


1) when > ©, 0}, namely at high pressures, 
the magnetic field does not change the breakdown Fig. 11. 
field in a given experiment; 
2) when E, =0, the breakdown field decreases with the magnetic field 


and tends toward a minimum value (Fig. 11), corresponding to À = Lx; 


3) when E,=0, at low pressures (v?, <<?) and near cyclotron reso- 
nance (w, = ©), the effective field becomes 


(7.5) b= a ISS 
: D LS. Be (ip Nee)? 


and shows a resonance behaviour as a function of the magnetic field. The 
diffusion length A, instead, changes slowly with the magnetic field, so that 
the breakdown effective field E, must remain 
nearly constant, when the magnetic field is 
changed through resonance. To hold E, con- 
stant, the actual breakdown field E must thus 
undergo a sharp decrease at resonance (Fig. 12). 
In particular, the bandwidth of the breakdown 
field curve, defined as the separation Am 
between the cyclotron frequencies at which 
the breakdown field 

ig 4/2 times its value at cyclotron resonance 

will be equal to v, and then proportional to, 4 
the gas pressure (Fig. 13). If we add the parallel 
plane geometry conditions L,— oo, L,— co, the 
breakdown field in Heg at cyclotron resonance 
becomes Fig. 13. 


2 218 
(7.6) E=2p [52 + 80.4 (21) (7) | 


diffusion 


D) 
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In this case the breakdown field is proportional to the pressure (Fig. 14). 

All the above behaviours have been observed in Heg [12] and in hy- 
drogen [13]. 

As we have seen, the breakdown field shows a general trend to decrease 
when a magnetic field is used, and this is in part due to the reduction of 
electron diffusion losses. However, the use of a magnetic field can reduce the 

loss of electrons normal to it, but not along it (end 
losses). Then we still have a diffusion limit, which 
prevents us from obtaining an easy breakdown at pres- 
sures lower than (10-2--10-*) mmHg. 
aes We may try to suppress or reduce this loss by a 
Fig. 14. toroidal geometry, or by the use of a non uniform 
field (magnetic mirror). If the container is made 
of glass, surprisingly low end losses have been observed experimentally at M.I.T. 
In this case it is possible to produce and maintain [14] a stable discharge 
with an extremely low power (mW), at pressures between 10-5 and 10-* mmHg, 
L, beeing of the order of 10 cm. 

A typical arrangement consists of a cylindrical cavity, oscillating in the 
TE,,, mode, with the plasma contained in a quartz tube along the axis, and 
a B field parallel to the axis. The very low end losses are probably the effect 
of an electrostatic confinement, due to the fact that the end walls, under 
electron bombardment, charge up. 


m 
|__| Diffusion” 
limit 


8. — Microwave sustained discharges. 


The sustained discharge has been less investigated than the breakdown. 

Let us assume again an ideal gas, without attachment, recombination and 
metastable states, placed in a parallelepiped container in a uniform micro- 
wave electric field (no static magnetic field is present). Eq. (6.5) gives the initial 
growing of the density; when densities of the order (107--108) electrons/em? 
are attained two effects become of importance: 


1) the diffusion coefficient decreases, due to the space charge effects of 
the ions, so that yx:, increases and the density tends faster towards infinity, 


2) the microwave cavity becomes detuned by the change in the di- 
electric constant, due to the presence of the plasma, and the field E, decreases. 


These two effects will bring the plasma to an equilibrium condition, and 
in general we shall be able to describe the sustained discharge characteristics 
by introducing, besides the proper variables EA, pA, pà (or E, A and pA, when 
Ym is constant), also the additional proper variable n 42, where n, is the electron 
density at the center of the container. 
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Rose and Brown [15] have worked out a detailed theory for hydrogen 
and for x, values low enough, not to perturb the microwave field (i, = 
= Gmofme « 0°). Their experimental results show a good agreement with 
theory. 


A simple relation between Æ,A and pA can be easily derived, when  i$ 


large enough that ambipolar diffusion conditions exist, but 2, is still much 
| smaller than w°. In fact, the maintaining field condition is, in analogy with (6.7), 


(8.1) D,fv; == A? 5 


where D, is the ambipolar diffusion coefficient 
9 DE M+ 
(8.2) : EE A Ra 


u beeing the electron mobility, D, and u+ the positive ion diffusion coefficient 
and mobility. 
For hydrogen and Heg we have 


(8.3) Dilu+=$%+ 
(8.4) Dip =35$% 


and then, the average ion energy %+ being much smaller than «, 
(3.5) De 3(U + #4+)p+ = 7 [+ = 5 Uo t+ « 


After some straightforward mathematics and with numerical values we obtain 
from (8.1) for Heg the following equation for the sustaining field in the ambi- 
polar limit (units as in (6.16)) : 


(8.6) (H,A)? = 2.2-10 + 5.2-(pA). 


This curve has also been plotted in Fig. 9. 

In the case of pure rare gases, there is definite evidence that the maintaining 
field computed with the above theories is larger than the observed field. Then 
an additional ionization process, like metastable-metastable collisions, must 
be assumed present. We shall not discuss it here. 

We said at the beginning of this section that the cavity becomes detuned 
by the plasma and we reach a stationary condition. By retuning the cavity, 
if no other mechanism would become effective, we could achieve infinite den- 
sities. It is however well known that, when we approach the condition 
Op =, the field becomes distorted and does not penetrate efficiently into 
the plasma. 

We can easily see what happens when 7, is very large (07, > 0°) in à par 
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rallel plane case, namely when we have an alternated field initially uniform in 
space between two electrodes (Fig. 15). The total current jweE must be 2 
indipendent, then 


by Ne il 
5 TSI a | Hi — CONSE. 
(8.7) | (= pa je 


The density, and then ©?, are, under diffusion controlled conditions, con- 
tinuously increasing away from the walls, with a maximum at the position 


z= L/2. Then, at two symmetrical + planes, E will have a maximum; ioni- 
zation and excitation will take place mostly in these two regions, because 
they vary quite rapidly with the field (see Fig. 4). There are in this case two 
bright regions, first observed by SCHUMANN [16]. 

By solving the detailed equations for this case, one finds [17] that the 
voltage across the electrodes must increase with n,, namely that the behaviour 
which was found at wi, < ©? is here reversed. 

No significant data on sustained discharges in magnetic fields are available. 


9. — Electron density and collision frequency measurements. 


We shall review here only the methods of measuring electron densities 
and collision frequencies by means of microwaves in resonant cavities, which 
are the most accurate, and also the most useful, when the plasma has already 
been generated by a microwave field. 

Be E, exp [ja ot] and H, exp [jaot] the fields inside a non-degenerate resonant 
cavity in the absence of the plasma. Be E exp [ja,t] and H exp [ja,t] the 
fields when the plasma is present. The pulsations ©, and ©, will then be the 


complex resonant pulsations without the plasma and with the plasma. Max- 
well’s equations are: 


(9.1) VXH, 2). Joe Es 
(9.2) VxE = — jou , 
(9.3) VxH = ju. Eto'E (o is a tensor), 
(9.4) VxE =— jo . 
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We multiply the first equation by E, the second by H, the third by E, 


> and the last by H,; we add up the first two and subtract the last two, and 


finally we integrate all over the volume of the cavity. We obtain 


(9.5) fre +E,xH)dV = 


LA 


= (Mo — 0) f(E-E, - po HAV — | -E)-E, av . 
È J 


LA 


‘The left side vanishes, due to the usual boundary conditions of a perfectly 


conducting wall, and we obtain 
j {(o-E)-E,dV 
c 


ve) Var OUTRE Ey = Hy) dV ” 
Vv 


| which gives the shift in the complex pulsation of the cavity when the plasma 


is present. 

At low plasma densities, we can assume that the field configuration is not 
changed by the plasma, and then set E=E,, H=H,. Within this approx- 
imation and remembering the well known fact that in a microwave cavity the 
energy stored in the electric field is equal to that stored in the magnetic field, 


(9.7) c5| HAV = — mo Hav, 
Li F 
we obtain 
Ì f(o -E) -E AQV 
7 


Aa Reds, 


(9.8) 


This expression is a complex quantity; the imaginary part of it indicates the 
variation in the half-band width of the cavity (2/2) due to the plasma. 

In the absence of a magnetic field and at low pressures (»5<& 2), the con- 
ductivity is a scalar, given by eq. (2.27) 


ne? f 
(9.9) arene (ve) — Î2rtfo) » 


which substituted into (9.8) gives for the shift Af in the resonant frequency To 


E,av 
Af  Re(@,— o) fr 5 


di Dif, Satmedfe (EgdV © 
È 


(9.10) 
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Then the frequency shift is a measure of the electron density. The variation 
in the bandwith is 

e {MnEdV 
— Anmeofs SESdV 


(9.11) AB 


When <v,) is constant over the cavity volume, we have 


AB 
(9.12) (Ve) = 2Aj fo + 


This indicates how collision frequencies are measured by microwave tech- 
niques [2]. 

The measurement of a frequency shift gives, according to eq. (9.10), only 
an average value of the density in the cavity. But, if we measure the frequency 
shifts of different resonant modes, we can get an idea of the variations of the 
density through the cavity. 

Concerning the applicability of the small perturbation theory, it has been 
shown [18] that the above assumptions £ = E,, H = H, are acceptable, when 
the average densities are less than 5-10° em-* at S band and 5-10" em at 
X band. The minimum frequency shifts, which can be measured, indicate à 
minimum measurable density of 2-107 cm-* at S band and 2-108 cm-* at 
X band. 

When a static magnetic field, normal to the £ field, is present, eq. (9.8) 
becomes 

Î (Ge + 00) E AV 
(9.13) O1 — Wy = 4 


de [E dv 
; 


At low pressures and far from cyclotron resonance, we obtain again for 
Af/f and AG the same expressions (9.10) and (9.11), except for the multiplying 
factors [1— (@»/27fo)*]* and [1 + (%»/2rf)][1— (@»/2rf))?]® respectively. 

When the density increases over the above indicated values, the distortion 
of the field from the original configuration becomes of importance. Then the 
frequency shift Af will not be linearly related to the density, and we can use the 
measurements of Af to determine the density only if we have first solved the 
analytical problem of the new field configuration as a funetion of the plasma 
parameters. 

However, there is a condition in which we can measure electron densities 
a few times larger than those corresponding to ©,=©, still using a linear 
relation between Af and n. This is the case when, in the absence of the static 
B field, E is normal to Vn at any point in the plasma. The reason is that in 


this condition we do not have large space charge effects, which alter the 
E field. 
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z This can be easily demonstrated, by writing the continuity equation 


Co) 2 : 
(9.14) 2 + V-J = jog + V-(6E) = jog + E-Vo + oV-E=0, 
where o is the alternated space charge, and using Maxwell’s equation, 


(9.15) V-E =— 0/0. 


Substituting (9.15) into (9.14) we obtain 
(9.16) (jo 2) ¢=—E-Vo~ Ewa 
0 


Then 0 is zero when E and Vn are normal. 

A typical case is a plasma in a cylindrical container placed along the axis 
of a cylindrical cavity oscillating in the TE,,, mode. The density is varying 
| only radially and axially, and the E field is only azimuthal. BUCHSBAUM and 

Brown [19] have found that the relation between Af and 1 is linear up to 
densities corresponding to 0j=10@?. 

When a magnetic field is present, the conductivity is a tensor and the above 
| result is not in general valid. However, when B is parallel to E, and they are 
normal to Vn, we shall again have the desired condition. The possibility to 
| satisfy all these conditions is of course dependent on the particular geometry 
| of the experiment. 
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INTERVENTI E DISCUSSIONI 


— 0. STURROCK: 
In eq. (2.1) the dv on the left side is different from d(v —v, exp [iwt]). which | 
must go on the right side, and this gives an additional oscillatory term of the type: 


~ fo A,-v,- 


— A. GILARDINI: 

The dependence of v, on the speed v comes in because we have substituted the 
discontinuous physical process of collisions with a continuous loss of momentum. 
Physically any electron in steady state conditions, in the absence of collisions, oscil- 
lates with the same amplitude and phase, whatever its random v is. Then the sug- 
gested additional term does not exist physically and we shall ignore it. For this reason 
the present derivation, as I said in the lecture, has the only purpose to make the final 
formulas acceptable; rigorously they can only be derived by the exact treatment of 
the Boltzmann equation and of the collision integrals which enter in it. 


— L. GOLDSTEIN: 


Since even in gases at low degree of ionization, at low temperature and pressure 
the ion collisions are of some importance, it would be wise to state the limits of validity 
of the derived formulas. 


— A. GILARDINI. 


The derived formula for the conductivity contains the ion collision term, which 
becomes of importance in the afterglow, when the electronic temperature is low. What 


© 
= 
a 


È 
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sustained microwave discharge, where the 


“we are now discussing is the case of a 
hich contains the term 


electron energy is rather high and thus the ion collision term, w 
u-!, drops out. This determines the limits of validity. 


— L. PENNELEGION: 
~ What is the maximum pressure at which the referred breakdown measurements 


have been taken? 


E A. GILARDINI: 
In He this maximum pressure is about 300 mm Hg; in hydrogen measurements 
. At very high pressures, 


at pressures up to the atmospheric have also been taken 
modulation of the average electron energy by the microwave field may be of importance. 


SUPPLEMENTO AL VOLUME XIII, SERIE X N. 1, 1989 
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Le plasma stellaire. 


E. SCHATZMAN 


Institut ad Astrophysique - Paris 


I. Equations d’état de la matière. 


Les propriétés des plasmas sont différentes selon les valeurs des tempé-: 
ratures et des densités. Nous allons considérer différents domaines correspon-: 
dant à différentes approximations. 


Hypothèse: on peut supposer que l’équilibre thermodynamique est réalisé, 
ce qui impose: 


— une distribution de vitesse suivant la loi de Maxwell; 


— una distribution des populations des niveau d’énergie suivant la loi 
de Boltzmann. 


1. — Conséquence de la loi de Saha pour 
l’ionisation. 


Pour un gaz parfait nous avons 


4 so 
= Ri i 


gi et g étant les poids statistiques des 
ions et atomes neutres. Soitæ=N,/(N,+N;) 
le degré d’ionisation. 

Nous avons 


N.N; _g:, Pe 
No dat 


= + log À — 9 + 


i 
0 


log N, = log 


e 
x 


Fig. 1. 


3 
+ 3198 T+15.4, 
avec 0=5040/7. 
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* Dans la Fig. 1 on a la représentation de log N, en fonction de log T. Les 
courbes A et A’ sont les courbes de demi ionisation pour l’hydrogène et pour 
l’oxygène 7 fois ionisé. 


1°1. Effet de pression. — Lorsque les ions se rapprochent, aux densités éle- 
vées, l'énergie de l’électron lié, dans un atome, dans le champ de l’ion le plus 
proche, n’est plus négligeable devant l'énergie d’ionisation x de l’atome; 
Vionisation se produit sous l'effet de la pression. Les distances des ions de- 
viennent de l’ordre du rayon des atomes. Soit @ le rayon de l’atome de Bohr, 
= a,/Z le rayon d’un atome; l’effet de pression n’est plus négligeable, si 
4rma*N,= 1 ou encore si 


Log N, > 24.2 +3 Log Z, 
domaine limité par les courbes B (hydrogène) ou B' (oxygène). 
12. Comparaison de l'énergie électrostatique du milieu et de l'énergie ciné- 


tique des particules. — L'énergie cinétique par degré de liberté est 447, l'énergie 
potentielle d’un électron, situé à la distance moyenne [(47/3)N sl} d’un ion, 


est 
AT 3 
2 
Ze (F N ) : 


Pour que l’équation des gaz parfaits soit valable, il faut: 


% 
Ze (F x) <kT, 


soit 
Log N,< 8.9 + 3 Log T —3 Log Z, 


domaine limité par les courbes 0 (hydrogène) et 0’ (oxygène). 


13. Condition de dégénérescence. — Il y a dégénérescence lorsque la longueur 
d’onde ‘de de Broglie associée à l’énergie des électrons devient comparable à 
la distance des électrons (3 7N Sy) tag Var 


ha ht) h CALI 
mo mV3KTIm V3mkT 


A= 


et le domaine de dégénérescence est défini par 


A> ($aN), 
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soit , 


N,> 10167 
domaine limité par la droite D. 


1°4. Comparaison de Vénergie électrostatique et Vénergie cinétique moyenne 
dans les cas des gas dégénerés. — L'énergie électrostatique moyenne d’un électron, 
Ze(4nN,)*, doit être plus petite que l’énergie cinétique moyenne (qui sera 
définie plus tard): 


5/16 \im, 
+ a (ee sn 
Nt> Ze 5(3 x) hs * 


Cette relation definit un domaine limité par les courbes £ (pour Z=1) 
ou EL’ (pour Z=8) (Fig. 1). 

Dans la région hachurée (Fig. 1) l’énergie électrostatique ne sera pas 
négligeable. 

Il est utile de mettre en évidence dans le diagramme log 7, log N,, les 
points représentatifs de l’état physique de l’intérieur des étoiles. 

La courbe « est représentative du soleil. La courbe f correspond à une 
naine blanche typique; 99% de la masse d’une naine blanche typique est dé- 
généré. 


2. — Equation d'état. 


Nous partirons du théorème du viriel que nous allons démontrer rapide- 
ment pour les gaz classiques (non quantiques). 
Soient 
dx, 


F, =m; >; 
x dt? 


les équations du mouvement. Après multiplication per 4x;, on obtient: 
2 1 de} 1d de, 
5 Via = ao Mi (i) ci 2 di (mac a) . 


En moyenne, le deuxième terme du membre de droite tend vers zero si le 
système est borné. 


On obtient ainsi 
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Si l’on appelle l’énergie cinétique K, l'équation du viriel s’écrit: 
il 
— 9 x PATO F, = KG 


> r;:F; représente le viriel, introduit par Clausius. 
Si les forces dérivent d'un potentiel 


0 
Piz ET A Ù 
On; 
Supposons que l’énergie potentielle soit la somme des énergies potentielles 
mutuelles des particules prises deux à deux, et ne dependent que de la dis- 
tance r;; à la puissance — %, 


al Qi 
P= o> tae 


Si n=1, on a la loi de Coulomb. Compte tenu du fait que y est fonction 
homogène du degré — n, le théorème du viriel peut s’écrire: 


inp + K = 0. 


Si le système est enfermé dans un recipient, la force introduite par le mur 
s'écrit — n-P, étant P la pression, et n étant la normale dirigée vers l’éxterieur. 
La contribution du viriel s’écrira: 


all 3 


en transformant l’intégrale des surface en intégrale de volume. 
On obtient alors 


Mt Mia 


si n > 3, les intégrals dans % convergent. Pour le cas n=1, ROSSELAND (1924) 
résout le problème des divergences en introduisant la description de Debye- 
Hiickel du milieu ionisé. 

Soit y! la longueur de Debye; Y= (e/r) exp [— yr] le potentiel autour 
d’un ion. Chaque ion se trouve alors dans le potentiel (C/r)(exp [— x] —1), 
au fond d’une cuvette avec un potentiel — Cy, (r= 0). 
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L'énergie de l’ion est alors — C?y. Si l’on fait la somme sur tous les ions, 
les ions ont tous été comptés deux fois, l’énergie totale s'écrit: — 3 > 02y. 
En tenant compte de l’expression de la longueur de Debye, on obtient 


1 . (mne?) 


7 — { = er C; 7°)? 
PV = NT 1-30 ns (> CZ, 


N =nombre total des particules libres, 


C; = concentration relative en nombre d’ions d’espèce 1. 


La parenthèse s'écrit numériquement 


n \? 
1—10-44 (7) (> 0,23). 
L’énergie électrostatique est inférieure à l’énergie cinétique si 


er (> C;Zi)? <10**. 
Dans la Fig. 1, la courbe F donnant l'égalité se trouve pour l’hydrogène 
nettement au dessous de la courbe C. En fait, il parait évident que l'effet 
de énergie électrostatique est surestimé dans ce traitement. 
On peut tenter d'améliorer l'évaluation de la correction en tenant compte 
des phénomènes collectifs dus aux interactions à grande distance. 


3. — Phénomènes collectifs. 


Les forces électrostatiques étant à long rayon d'action, les mouvements ne 
se font pas entièrement au hasard, mais en partie sous la forme de mouvements 
collectifs que l’on peut représenter comme une propagation d’ondes de fré- 
quences très voisines de la fréquence de plasma (BOHM et PINES). 

Le nombre de modes collectifs est celui de modes individuels dépendant 
de la valeur de y-1 comparée à la distance d des particules: si y-1= d on a 
surtout des phénomènes collectifs. Le caleul du nombre des modes collectifs 
en a été fait par GABOR (Proc. Roy. Soc., A (1952)). 

Soit k le nombre d’onde de l’onde de plasma, V, la vitesse de phase, » la 
fréquence; le nombre de modes dans l’intervalle (k, k+dk) est: 


1 wd 
Any? dy/V3 = aa e È © pulsation. 
Dp 
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Considérons l’equation de dispersion 


3kT a 


Di . 
m, (w/o,)?—1 


A chaque mode appartient l’énergie 447; donc énergie dans dm est 


Il n’est pas possible de séparer exactement les modes collectifs des modes 
individuels; mais GABOR admet qu’on passe assez nettement aux modes indi- 
viduels pour x =2. Aussi l’intégral de 1 à 2 sur w/w, donnera l’énergie 
moyenne 


valeur à introduire dans l'équation du viriel. 

En fait, si l’on admet qu’il s’agit d’oscillations sinusoidales, la moitié de 
l'énergie peut être considérée comme correspondant à énergie potentielle du 
plasma, et l’autre moitié à énergie cinétique. C’est done 3v qu’il faut porter 
dans l’equation du viriel: 


1 N} 
SPV=E-3% dl PV NTI 10), 


compte tenu de N, =(N/2) (ionisation complète). 

La séparation 4u — K se place selon la courbe G du graphique de Fig. 1, 
qui est sans doute la plus correcte. Au dessus d’elle on a affaire essentielle- 
ment aux phénomènes collectifs. Si l’on admet Vequiparation entre K et y 
on peut prendre pour équation d’état approchée: 


PV=}NkT, 


expression proposée seulement comme valable en ordre de grandeur. 


II. Gaz dégénérés d’électrons. 


L'étude des gaz dégénérés d’electrons, bien que sortant un peu du pro- 
gramme général de ce Cours sur le plasma, présente un grand intérêt 
astrophysique, et soulève un certain nombre de questions de principe. 


cl 
Le 
for) 
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1. — Gaz dégénérés au zéro absolu. 


On dénombre facilement le nombre d’états possibles en comptant le nombre 
de cellules d’extension en phase pouvant étre occupées par les électrons. Dans 
un parallélépipède de côté L,, l,, L, les longueurs d’onde associées aux com- 
posantes des vitesses des électrons sont 


À + h/p, ’ hy == h/Py ’ À = h/p. ’ 


OÙ Pr, Py, P. sont les composantes de la quantité de mouvement. 
A, est compris un nombre entier de fois dans l,: 


ou a 


Si l’on suppose tous les états occupés jusqu’à une certaine limite, 
22 — 7.2 2 2 
ko —< keyg t Koy + Koes 


le nombre total d’états est 


47 
0 


Ar LUE ARE V 
RTS nn 


Le spin des électrons étant 4, le nombre d'électrons contenu dans 1 em? 


au zéro absolu est lié à la limite de Fermi de la quantité de mouvement par 
la relation 


et du nombre d'électrons dans l'intervalle p, P+dp, on calcule aisément la 
pression P et l'énergie interne d’un gaz complètement dégénéré d’électrons, 
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En prenant comme variable «= polm.e on obtient 


sa 8nmec 
RIDIRE 
mmie 
(1) Pos She f(x), f(æ) = (20° — 3)(2° + 1)} — 3 arctg sinh #, 
mmc 
U = —— g(x), gle) = 82 [ (0? + 1)? —1]—f(#). 


3h 


Dans le cas des gaz partiellement dégénérés on doit calculer l’état le plus 
probable par les méthodes de la statistique quantique. 
A titre d'exemple donnons l'expression de N, et de P: 


(col 


va Sarmic? | sinh? t cosh tdt 
; ha 1 mc? cosh t] ; 
tee ar ve 
p= Samic® [ sinh ¢ dt 
SR ML oe a cosh i Ri 
SA kT 


Le paramétre A est défini par la première de ces équations. 

Dans le cas des fortes dégénéréscences, on peut calculer des formules ap- 
prochées, qui permettent de tracer la courbe qui sépare dans le plan 
log T, log N., la région dégénérée de la région non dégénérée. 

On peut avoir une idée de la significa- 
tion physique de p, en comparant le nom- 
bre d’onde correspondant au rayon de 
la sphère occupée en moyenne par chaque 2 
électron; on à 


iB 


Ay De 
Degeneres.non relativiste 


ST 3 AT 3 25 Dégénéres 
FE hoN sa ee 37 TON è =1 ’ relativiste i 


donc À == 7/23, la longueur d’onde associée 
aux particules les plus rapides est de l’or- 


dre de la distance mutuelle des électrons. Ce a 0 109 M7 
Lorsque æ — 0, f(x) — $a; Si d> CO, SARO: o 
f(a) ~ 2a. pe 


Si on applique la formule (1), on peut 
obtenir la relation masse-rayon pour une sphère entièrement dégénérée. Si on 
applique l’approximation f(æ)= 5x pour tout +, on trouve une relation R(970) 
entre le rayon R et la masse qu de l'étoile très. différente (Fig. 2) (approxi- 


mation non relativiste). 


Lo 
ao 
o 


le. 
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EDDINGTON a contesté l'emploi de (1) qui suppose les électrons libres; il 
affirmait qu’en l’état de collisions permanent, la formule non relativiste pour 
la pression reste valable même pour x très grand. 

On peut repondre à la question posée par EDDINGTON par l'étude des phé- 
nomènes collectifs dans les plasmas. Lorsque les phénomènes collectifs sont 
négligeables, la formule (1), due à STONER et ANDERSON, est valable. 

On peut renvoyer à l’article de SINGH (Ap. Journ., 126, 213 (1957)). Alors 
que d’habitude on sépare les phénomènes collectifs des phénomènes individuels 
en cherchant le chemin parcouru par un électron à la vitesse moyenne d’agi- 
tation pendant le temps d’une oscillation de plasma, il resulte du travail de 
SINGH qu’il faut remplacer la vitesse des électrons par la vitesse du mouve- 
ment quantifié des électrons piégés dans les cuvettes de potentiel dues aux 
charges d’espace. On a alors 


soli AN, 
An = FT Fas . 
OO, 


Si on compare la longueur de Debye ainsi obtenue a la distance moyenne entre 


particules, on trouve 


On est amené ainsi à definir une densité minimum limite NV, > 1024 au delà 
de laquelle les phénomènes collectifs sont négligeables. En réalité il y a une 
certaine incertiturde sur le coefficient numérique car on peut aussi comparer 
l'énergie associée aux modes collectifs à l’énergie cinétique totale des électrons, 
ce qui peut conduire à une valeur plus petite. 
Dans la zone (0) les phénomènes collectifs dominent (Fig. 3). On peut 
admettre que dans cette région il y à une 
=| Dégénérescence équipartition entre l’énergie cinétique et l’éner- 
S| relativiste È : : A 
À gie potentielle des oscillations de plasma dans 
la région non dégénérée. Cela pourrait conduire 
à une valeur sensiblement égale à 3Nk7. Cette 
valeur est donnée à titre purement indicatif. 
non dégénérés En réponse à une question de DE JAGER on 
peut considérer des naines blanches ayant épuisé 
phénomènes collectifs è 52 ° + è 
dominarits toutes leurs ressources d energie (naines noi- 
res). Leur courbe représentative dans le plan 
DS iure mc ter È 
01236 5 6 7 8 9 log log 7, log N, pourrait alors traverser le do- 
Fig. 3. maine où les phénomènes collectifs sont impor- 
tants. En raison du type de variation de la re- 
lation PP en fonction de la densité, on pourrait s'attendre à des pro- 
priétés remarquables de ces naines froides. 


| Dégénrescence 
non relativiste 
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III. Influence de l’effet d’écran sur le taux des réactions thermonucléaires. 


Afin de situer le problème, rappelons tout d’abord, de quelle façon on cal- 
cule ordinairement le taux des réactions thermonucléaires. 

Soient deux espèces de noyaux, de masse m,, m, à la même temperature TP, 
de distribution maxwellienne des vitesses; le nombre de noyaux de vitesse 
UV Wi, U30,W, est 


— mu + 0 + wi) mous + 0 + W2) 
AN,AN, = N,N, exp SET sur LR 


mi \?/ m \t 
(a) (Far) du, do, dw, du, dv, dw, . 


Pour calculer le nombre des chocs spécifiés, on prend comme nouvelles variables 
la vitesse du centre de gravité 


Mails + MzUg __ MV + Modo io MW, + MyWg 
0 bara 
Mit Ma | mit mi ’ Mi + Ma 


, 


et la vitesse mutuelle.des deux noyaux 


== Uy — Us » Die Vin ==iW — Wes 
On a alors 
m,(u2 + of + wt) + mo(ui + 0 + w2) = 
MMs 


= E (ur + 0° + w) + (my + M2)(wo + 06 + Wa) - 


Mit Mz 


En faisant l’intégrale sur la vitesse «vw, on obtient le nombre des paires 
de noyaux de vitesse relative wow. On a 


du, dv, dw, du, dv, dw, = du dv dw du, dv, dw, , 


MM Led 
SERE (> + Me sr) Lo 


— mu? + v? + wi) 
2kT 


fa dv dw . 


Si o est la section du choc, le nombre de chocs specifié par seconde est 


dp =o|v|N,N, (sen) e nr |salv}talo]= 
el oN Ns 
nur) 


47 exp | — 


E|E dB 
kT|kT kT 
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où BF est l’énergie cinétique dans le système du centre de gravité. La section 
de choc o peut se mettre sous la forme 


O nuo 
CEE po IE) ; 


où ©, est un facteur purement nucléaire, et /(£) est le facteur de pénétration 
de la barrière de potentiel, 


22m 
T(E) = exp | — rici [va= Bar ’ 


ou r* est le rayon du noyau composé, r, la distance classique d’approch a 
l’énergie mutuelle E. 

Le facteur I" est le facteur le plus important, déterminant le taux de réac- 
tions entre les noyaux. 

Pour calculer le nombre des réactions thermonucléaires par seconde, on 
doit considérer deux cas. 


1) Le cas de la résonance: on a alors pour o une expression de la forme 


xE;E; . 
(E—E,;) + Ej’ 


O nuel = 


formule de dispersion de Breit-Wigner. 


2) Le cas où il n’y a pas résonance: o,,, est alors un facteur lente- 


ment variable avec l’énergie. 


nucl 


Dans le cas du potentiel de Coulomb, U= (Z,Z,e)/r, E = (Z,Z.e)}r, et 
par conséquent, en posant 


l=exp[-2W], We 


on peut remplacer r* par zero dans l’intégrale, ce qui revient à incorporer une 
constante dans o,,,. En posant r=ar,, on a 


li 
_ (2m)* (220) ME 
W — AT etes #3 
h (Z122e?) E | [VS 1 de. 
0 


L'intégrale vaut (7/2), et par conséquent 


(2m)? Z, Ze? 


2W = 
h Et 
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Trois conclusions peuvent étre tirées de ce résultat: les réaction nucléaires 
se produisent d’autant mieux 
1) que Æ est plus grand (températures elévées), 
2) que les charges Z,Z, sont plus petites, 
3) que le facteur nucléaire 0a est plus grand. 
Pour calculer le nombre total des réactions, on calcule l’intégrale 


r E (mi Ze 
fe] Là e lar. 


0 


| Le terme dans l’exponentielle possède un maximum très aigu, ce qui permet 
le calcul de cette intégrale de facon approchée. Le maximum de l’exponen- 
tielle est atteint pour: 


1 1 (Qm)'nZ,Z,¢ pk (ae 
LT 2h i 


l’exponentielle étant e”, on a 


mae eo ATA: 


: È — 1.66-10-24g). 
RL a Hl (H, g) 


Par exemple, pour 


33.8 133 152 
:H+*H, t= Gomme? FO Hy TE gm UNA HET = peep 


Le nombre des réactions par seconde par centimètre cube se met finalement 
sous la forme 


ae a 
pis = Ky N Nite - 


Une discussion rapide des différentes réactions possibles, compte tenu des 
facteurs 0,,, et du rôle de la barriére de potentiel, conduit 4 retenir les groupes 
suivantes, d’importance astrophysique 


ay tH — DLL Carene) AS AR iù | (Freeza tionane) 
D +H +*He+y et EE 
GLOSS 


1 FOWLER, 
*He + *He a ‘He mE su =f: H ME Re) 
(connu sous le nom de cycle 


3He + ‘He > ‘Be du carbone). 


Be + !H —>B > ‘Be >2‘He (Fowzxr) 


12 - Supplemento al Nuovo Cimento. 
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Lorsque, dans les conditions du laboratoire, on part d’un mélange donné 
à l’avance, on doit considérer avantageusement 2H+?H, 3H-+?H, 8H+*H qui 
ont de très grands o,,,, et une barrière de potentiel peu importante. Les 
discussions détaillées de ces réactions ont fait l’objet de nombreuses publi- 
cations sur lesquelles je ne reviens pas. 

Je voudrais examiner maintenant plus en détail certains aspects des réac- 
tions thermonucléaires et en particulier le rôle de la charge d’espace. Si l’on 
considère les équations linéaires du mouvement des ions et des électrons on à 


Ov; 

Nm = N;ZeE— grad P;, 
Ov, 

N.m, ae N.eE— grad P,, 


divE=4ne(NZ—N.), 


et les équations de continuité 


aN, Badd 
at = NAV Ue 7 
ON. 
à = — N, div v,. 


En prenant la divergence des deux premiers, on obtient en négligeant les 
produits des quantités petites: 


0 
Nm: div v; = N,Z, div E — V?P,, 


Ds 
N,m, à div v, = — Ne div E — V?P,, 


et par élimination . 
CN, 
TU M N;Zel[ane(N;Z — N,)]— V?P; , 
P CONI 
sai de car N,e [4re(N,Z De N,)]— VeP, . 


Deux approximations peuvent être faites: 
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1) le fluide d’ions est remplacé par une distribution n, = constante, ce 

qui conduit à 
1 N, o, 
kT/m, ot? kT 


VENE (N,Z —N,); 


2) le fluide d'électrons est remplacé par une distribution N,—ct,, ce 
qui conduit à 
1 oN; ©; 


2 x = È — 
et garza Pi aa ee 


Si l’on considère un ion en mouvement à la vitesse v, on peut obtenir la 
distribution des charges autour de Vion, en partant de la solution 


ex" 


Ze 


r 


et en effectuant une transformation de Lorentz sur la grandeur 7’ on obtient: 


I (x — vt)? 
= TT ty te, 


V1— v?/c? 


où c°—c—kT}m, dans le cas des électrons et —c—kT]m, dans les cas 
des ions. Dand le domaine des réaction thérmonucléaires, la vitesse v des ions, 
est intermédiaire entre les vitesses c; et c,. Examinons done comment se com- 
porte la charge d’espace autour d’un ion en mouvement. Si v < 6, la distri- 
bution des charges prend l’aspect d’un ellipsoide applati; l’applatissement de 
l’ellipsoïde augmente quand augmente la vitesse. Pour v > 6, les charges sont 
distribuées dans un cône, mais la distribution des charges n’est pas influencée 
par la présence de lion à Pavant et à Varriére de son sens de propagation. 
Dans le cas de réactions thermonueléaires, dans les conditions usuelles, on 
pourra admettre que les ions en mouvement sont accompagnés par la charge 
d’espace des electrons, mais ignorent la distribution des ions, ou plus exacte- 
ment, vont trop vite pour pouvoir l’influencer. 

Dans ces conditions, on pourra admettre, au moins en première approxi- 
mation, qu’au voisinage d’un ion de charge Z, le potentiel n’est plus coulombien, 
mais est modifié par la présence des électrons en 


TES LE 
= 2 ES Cor 
U SAIL ; rando) 2 


avec 
4 3 = 
tor N=Z. 


En raison de la charge d’espace, le facteur de pénétration J(E) va être 
augmenté, la réaction se trouve facilitée. 
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IV. Réactions thermonucléaires. 


Avant d’étudier le rôle de l’effet d'écran sur les réactions thermonucléaires, 
je voudrais examiner trois aspects des phénomènes qui se produisent dans un 
plasma chauffé par les réactions nucléaires. 


1. — Parcours moyens. 


Les particules produites dans les réactions thermonucléaires sont en général 
des particules de grande énergie, de l’ordre de plusieurs MeV, c’est-à-dire de 
plusieurs ordres de grandeurs plus grand que lénergie thérmique des parti- 
cules constitutives du plasma. 

Pour donner une idée de l’ordre de grandeur du parcours moyen de ces 
particules de grande énergie, nous allons utiliser les formules que Mr. FERRARO 
a données dans l’étude des collisions entre deux particules. 

Pour des particules de masse m,, heurtées par une particule de masse 
M, nous avons la variation de vitesse relative dg dans le temps dé: 


jg — 222) (1, 1\2xbdb Ngdi 
gm, \M my b+ D * 
avec 
Me Ze? Mi + Mz, 
ASS g° mymM, ; 
où on déduit immédiatement 
PIER ETC I o + dI 
era My —=laN, log DE 


Le ‘ ; A ; : 
Si l’on admet que le parcours a lieu toujours dans la même direction, et se 
termine par g= 0, on a 


Ze}? 1 bo) 3 
1 = q* 6 (Ze?) ik, bol 
fo TI n) OI ‘ 


Il est commode de mettre en évidence la distance mutuelle entre atomes 


d’éspèce 2, n5*, l'énergie cinétique de la particule incidente, (m/2)g, dans le 


système du centre de gravité. On a alors 


l pra il 
to  m 4n(Ze?/ro)® log by/b, : 
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En electron volt 


VA 2 
A = {10-08 NB eV. 
To 


Pour log (b,/b,), (bo = longueur de Debye) nous avons en remplaçant g par fo» 


b 
log — = lo 
D} i 


4nrN;e?\-% Ho 
| kT | 22e?" 
Ce logaritme prend des valeurs de l’ordre de 20. 

Pour N, = 1018, re 109, ln = 1012, 1-10? = 1 km. Dans des condi- 
tions stellaires, ro 10-**, Ur, = 107**, 1 = 0.005 cm. Il est done évident que 
dans les réacteurs thermonucléaires les particules chargées de grande énergie 
qui sont produites seront perdues par le plasma. 


9. — Mécanisme d’échange de temperature. . 


Considérons maintenant le mécanisme par lequel les particules de erande 
énergie apportent de la chaleur au plasma. Nous considérons pour cela une 
particule (2) de vitesse V,, grande comparée à la vitesse 


moyenne V, des particules (1) avec lesquelles elle échange de 2 MV 
l'énergie. En mettant V2 le long de l’axe des 2, et en ap- @ 
pelant @ l’angle de la vitesse V, et de la vitesse Vi, (Fig. 4) y 
on tire aisément des formules de collision données par Mr. FER- <= 

RARO les valeurs des composantes de la vitesse d’une parti- Fig. 4. 


cule (1) après collision: 


impo V.), 


Ma + Ma 


Ms 


="? V, sin 00, 
Mi + Mz 


V, cos © + 


. avec, pour 6, angle de déviation, 


5 _ 22e? Ma + Me 1 
— bp mm Vî+ Vi—2V;,V, cos w ; 


Comme nous supposons V,> Vi, on peut procéder à d’importantes simplifi- 
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, 
cations et écrire pour les composantes V,: 


a2? 

Vies 

V.+ DLO ERs 
7° bm V2 o 


LÀ 


1" LA x! ! , a 
La probabilité des valeurs V,, V,, V, est donnée par: 


z 


mo f(y 222 ya, pal | a J aviary; Apr 
RA ke (rer) + Vet Ve lan) alta: op 


L’intégration sur b, de 0 à b,, nous montre que la distribution des vitesses 
se trouve modifiée au voisinage des vitesses (2Ze?/bm,v,), qui sont petites. 
Sans même chercher à intégrer rigoureusement cette densité de probabilité, 
compte tenu de la distribution des vitesses V,, on voit que la distribution 
des vitesses va se trouver alimentée d’un bout à l’autre de la distribution des 


vitesses par l’addition d’une petite quantité 


1 


Le léger excès dans la distribution des vitesses qui va en resulter (Fig. 5), 

va se trouver redistribué par les collisions entre 
Fy) particules (1) sur toute la distribution des vitesses. 
On notera en particuler que les particules produites 
par le réactions thermonucléaires étant des parti- 
cules de grande énergie, modifient peu au passage 
les vitesses des particules du plasma, et par con- 
Fig. 5. séquent chauffent le plasma par addition d’une très 

petite quantité à toutes les vitesses. 


Cc 
< 


3. — Température des ions et des électrons. 


Dans les collision l’énergie des ions de grande vitesse est transférée aux 
ions et aux electrons et une portion un peu plus grande de l’énergie aux 
électrons, si bien qu’a priori on devrait s'attendre à trouver une temperature 
des électrons un peu supérieure à celle des ions. 

Cependant la chaleur produite dans le milieu est rayonnée par les électrons, 
si bien que les électrons vont être à une temperature légèrement inférieure à 


celle des ions. Le calcul du transfert d'énergie des ions aux électrons lorsque 


D 
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leur température est différente, est un calcul classique (SPITZER, 1941). Il faut 
naturellement tenir compte exactement de la géometrie des collisions. On 
trouve alors, approximativement 


2 b? } 


en utilisant les notations de FERRARO. 

En raison de la grande vitesse des ions produits par les réactions thermo- 
nucléaires, leur énergie se repartit à peu près également entre ions et électrons ; 
seule l’énergie apportée aux ions est ensuite transférée des ions aux électrons. 
On a donc 

AË 1 


Fe ta 


Q est proportionnel à nì, si bien que Ti — T, ne depend pratiquement que 
de la température. A titre d'exemple, en écrivant pour les réactions protons- 


protons 
= A 0 2 | T 4 
QI (350) 14-108) ? 


on obtient approximativement (sans chercher a raffiner sur le coéfficient nu- 


mérique) 
7/2 


US her 210758 
log a’ 


méme pour une réaction à plus grande section de choc (D-D ou D-T) la dif- 
férence de température est evanescente. 

On sait cependant que dans les décharges à haute intensité la différence 
T,— T, peut être notable; mais il s’agit là d’un effet dû essentiellement à la 
brièveté du phénomène comparée aux temps de relaxation des ions et des — 
électrons. 


4. — Réle de l’effet d’écran. | 


Nous revenons ici à létude d’un problème plus spécifiquement astrophy- 
sique, dans le domaine de densité qui est important. Si l’on modifie, comme 
nous l’avons déjà dit, le potentiel coulombien par un potentiel dû à une charge 
l’espace uniformement repartie, on à une nouvelle valeur de la distance clas- 
sique d'approche. En prenant 7, comme variable, le terme exponentiel peut 
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s’écrire ( est l’énergie cinétique dans le système du centre de gravité): 


2 27 2 A 
kT Ve 2 To h 


exp 


E os 
- il T(E) — exp 


Il a son maximum pour une valeur r,~7,,. Introduisons la longueur définie | 
par 

, _ AOL, 

+ makT? ? 
et 


(r/r) =. 


La distance r,, est alors donné par 


(2) =1+50 — (+). 


_ | 8h’e?Z, a 0. 
7 303 Ak?m?| \u,T3} " 


fh Le calcul de Vintégrale | exp [— E/kT]I(E)d(E) conduit à un facteur 
exprimant augmentation du taux de réactions thermonucléaires 


On a aussi 


A = f,(æ) exp [thi(@)] ; 


les fonctions f, et f, étant definies dans le texte. 
Quand « est petit, on peut écrire (faibles densités) 


TX 
DIT $ 


Quand x est grand on peut écrire (fortes densités) 


(ie). 


Log fyrx) La Fig. 6 donne les fonctions f,(x) et f,(æ) 
dans une échelle logarithmique. 
A titre d'exemple, considerons le cas de la 


réaction proton-proton. Le facteur d’accroisse- 
ment A est égal a 


A = exp 


A = 2*x exp 


< 50} 
A= exp Sate! 
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Dans le cas solaire, 7 =107, o =10?, le facteur A est très voisin de l’unité; 
mais le facteur A augmente très vite avec la densité. Dans les conditions 
typiques d’une naine blanche, 9 — 10, T=10",.u. 2, ÀA=146. Le rôle 

de ce facteur A est sensible cependant en ce qui concerne la structure interne 
des étoiles. En effet, considérons rapidement le problème de apparition d’une 
zone convective au centre d’une étoile. On admet ordinairement qu’une zone 


convective apparait lorsque la condition 


Done AE 
d log P adiab d log P rad 


est satisfaite. : 


La première quantité est liée au rapport des chaleurs specifiques et vaut 
(y—1)/y dans le cas du gas parfait. La deuxième quantité est celle qui est 
effectivement présente dans l'étoile. Dans les régions centrales 


>| 


dilog To 167Gc Pa\ 
d log P xUP 


rad 


% coéfficient d'absorption par gramme, 
€ taux de production d’énergie et par gramme par seconde, 
pression gazeuse, 


P, pression de radiation. 


Les conditions centrales, done le débit d’énergie par gramme, dependent des 
sources d’énergie. 

L’effet d’écran rend moins sensible le débit d’énergie avec variations de 
température, effet qui n’est pas compensé par la plus grande sensibilité aux 
variations de densité. Les sources d’énergie se trouvant plus reparties à l’in- 
térieur de l'étoile, e au centre sera plus petit. La valeur de (d log Tid lor Fae 
au centre étant abaissée, la condition de stabilité pourra se trouver satisfaite 
pour des valeurs de la masse des étoiles un peu plus grandes qu'il n’est admis 
ordinairement. Le résultat a des consequences sensibles pour l’évolution des 
étoiles, car il modifie sensiblement le modèle qu’il faut adopter pour décrire 
la séquence évolutive des étoiles de masse voisine de la masse solaire. 

D'autre part, dans le cas du soleil, ce résultat conduit presque certainement 
à admettre l’absence actuelle de zone convective centrale. Ce problème, a déjà 
été discuté à Stockholm en 1956, en relation avec la question de l’origine des 


taches solaires. 
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V. Influence du cortège sur les réactions thermonucléaires. 


Nous avons examiné déjà l’influence du cortège des électrons sur le taux 
des réactions thermonucléaires entre particules chargées. Trois autres effects 
doivent être étudiés: influence sur la radioactivité x, sur la radioactivité f, 
sur la fission spontanée. 


* 


1. — Radioactivité a. 


Nous avons déjà vu que la charge d’éspace des électrons libres, relevait 
le potentiel électrostatique autour du noyau (Fig. 1). La consequénce en était 
une plus grande facilité de pénétration de la barrière du potentiel. Au con- 
traire, un niveau de désintégration « va se trouver 
séparé de l’extérieur du noyau par une plus grande 
épaisseur de la barrière de potentiel (Fig. 7). La 
durée de vie de la radioactivité « s’en trouvera 
augmentée. On pourrait même, à la rigueur, imaginer 
un niveau x qui serait emprisonné au dessous du ni» 
veau de potentiel U,. Nous verrons toutefois que, 

Fig. 7. en pratique, ce cas est inimaginable. 
En prenant cette fois, comme zéro du potentiel, 
un certain potentiel à l’intérieur du noyau, nous écrirons 


22,6 1 /r\3 
gs LI). 


où », est le le volume occupé par Z électrons. Si l’on suppose que 7, est grand 
par rapport au rayon du noyau, on peut calculer en première approximation 
la variation du terme présent dans l’expressoin de la transparence de la bar- 
rière de potentiel: 


A2W, 35 (se 


te = N,(Z12:) 
2W, 64\ Er, gr 


MeV 


3 . 
| = 10-88-164 


Pour Z,= 100, Z,=2, Ey, 2 1, la période est multipliée par e= 2.718 pour 
une densité de 102%2 électrons par em’, 
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2. — Radioactivité ft. 


Considérons la transition 


AI 4 HERG, 3% Bai + Xmev * 


4 


Si le noyau se trouve plongé dans un gas d’électrons possédant assez d’énergie, 
la transition inverse 


SHX, BOF XX 
est possible. 
Considérons spécialement les gas dégénérés d’électrons. L'énergie maximum 
des électrons est donnée par 


bre 0.512 1 RON ENE IY. 
Tant que N ,<10%*% on peut écrire: 


DIO ENI, 


Soit une radioactivité 8 d’énergie E. Dès que le nombre d’électrons par centi- 
mètre cube N, est assez grand, la capture B devient suffisante pour contre- 
balancer complètement la radioactivité; de tels effets n’ont de chance de se 
produire que si l’énergie de l’émission f est faible. 

Par exemple 


se + e- > 5H — 0.018 MeV. 


Il lui correspond une densité N,= 10%%, très vite atteinte dans les 
naines blanches. 

Aux densités élevées la capture B equilibre la radioactivité B et entraine 
une diminution du nombre d’électrons libres. Une des conséquences les plus 
remarquables de cette propriété est que la compressibilité 


(d log P)/(d log 0) = y 


descend au dessous de la valeur $ pour N, assez grand (N, > 10%). On peut 


montrer en astrophysique qu’une étoile où y < $ dans une zone suffisamment 
étendue peut être dynamiquement instable. Elle ne peut osciller, car elle est. 
en équilibre instable. Sans l'effet d’une contraction la pression centrale di- 
minue, si bien que l’étoile ne resiste pas à l'effondrement; inversement, sous 
Veffet d’une dilatation, la pression centrale augmente au lieu de diminuer, 
et l'étoile explose. 


a 
o 
a 


F viag x à a NI = 1 
/ > À ‘ n 
} + 
È 
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Ces circonstanteces se trouvent réunies dans les naines blanches, dès la 
masse 977=1.27977;; ce qui impose une stricte limitation à l’existence des 


naines blanches. 


3. — Fission spontanée. 


L'un des exemples le plus remarquable d’atomes subissants la fission spon- 
tanée, est celui du Californium ?5Cf, de période 55 jours. Cette période est 
en effet remarquablement courte. Un atome subissant la fission spontanée 
en 2 atomes Z,, Z, est situé sur un niveau d'énergie assez élevé pour qu’il 
puisse, par passage sous la barrière du potentiel, 
se séparer en deux. 

Le noyau peut se déformer de différentes façons. 


ria Dans la théorie élémentaire de Bohr-Wheeler, la dé- 


formation est décrite par une fonction sphérique 
d’ordre 1. A chaque type de déformation correspond 
une pulsation @,, si bien que le niveau de l’atome 
Fig. 8. se trouve en réalité séparé en plusieurs niveaux 
d’énergie Aw, au dessous du niveau Æ (Fig. 8). 
Sous l’effet du nuage d’électrons négatifs qui entourent le noyau la période 
va être changée, ce qui entraîne un déplacement Afim, du niveau d’énergie 
sur lequel se produit la fission spontanée. En premiére approximation on pourra 
écrire 
Aw, _12(1—1)47x Ze 1 
hy. SAL ia 


où o est la charge d’espace des électrons au voisinage de la surface du noyau. 
. 5 = . x LA 

Si l’on suppose, pour un instant, que la charge d’espace, est due à des électrons 

uniformément distribués autour du noyau, 


On aura donc 


2UI — 
RE _12( 1) da Ze? N, he 
2 22+1 3 HA ‘ho, 
Numériquement 
A(h@,) mev = ul =e 1) Z Mista +-10-37.222 n 


21 +1 A : (ho 1) Mev 


, 2 * . , a . 
Il s’agit encore d’un très petit phénomène sensible seulement aux très hautes 
densités. 
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4. — General considerations. 


11. Equations of motion and Ohm’s law. — In stellar atmospheres the 
jonized gas may be regarded as having essentially equal densities, N, of ions 
and electrons. For the case of complete ionization the equations of motion 
for the two fluids may be written 


Vile) 


d 
(Lite) NM di Cio NMreav(V; — Ve) = + eN È + rai x B| + NK, ; 


i where K,,,, the force per particle, is defined by 
(2) NK.) = grad Pio + NM wo - 


In these equations the subscriptx è refers to the ions, the subscript e to the 
electrons, the + is always + for the former and — for the latter, Ma is 
the reduced mass ™,m,/ (m;+m,), v is the mean frequency of collisions between 
ions and electrons, g is the gravitational acceleration (or any equivalent acce- 
leration), and the other symbols have the usual meanings. We may assume 
that there is no polarization of the ions, hence D = E, and no magnetization, 
hence H=B and all relative charge motion is included in current density. 
Unrationalized Gaussian (egs) units are used. It should be unnecessary to 
discuss farther the derivation and content of these equations in view of the 
earlier lectures by LEHNERT and FERRARO. 
Define the mass velocity 


(3) v= (Mv + mv,)|(Mi + Me) 
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and the electric current density 
(4) j = eN(v;— v.). 


By adding (1;) and (1,), one gets the equation for the mass motion 


|= 


1 
(5) N(mi + ma) v=z7jxB+MK+K.), 


A 


t 
where in (1) the substantial derivative is defined in terms of v; or v, while 


in (5) and the following equations it is defined in terms of v. By multiplying 
(1;) by m., (1) by m,;, and combining, one gets 


(6) 


MMe (2 
eN \dt 


n) = e(m;+ me) |E +2xB| 


al 
+ m.K,—m;K,— Ve (m—-m.)jXxB. 


By neglecting dj/dt and the terms on the right hand side that are multiplied 
by m,, and by eliminating the j x B term with the aid of (5) one gets Ohm’s law, 


(7) j=0(E"+ E°), 
where the scalar conductivity is 


(8) c=, 
the electric field in an inertial frame moving with the plasma is 


(9) E" =E+—xB, 


and the impressed electromotive force is 


1 dv 
10 “ a na ; PRO I: eet ae 
( ) eE y grad Pi + M: (s aie 


There are possible, other, equally good, definitions of E° each with a different 

expression for o, but the above definition has the advantage that with it the 
conductivity is a scalar instead of a tensor (see SCHLÜTER, 1950). Where three 
fluids must be considered, as in the case of only partial ionization e.g. in the 


ionosphere, it is always necessary to use a tensor conductivity (LUKAS and 
SCHLUTER, 1953). 
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This treatment not is based on the assumption that the collision frequency 
is large compared to the gyro-frequency. SPITZER has shown (Physics of 
Fully Tonized Gases, p. 84) that when the two frequencies are comparable only 
the conductivities parallel and normal to the magnetic field differ by a 
factor of about two. No complete treatment has yet been given for the case 
in which the gyro-frequency is much larger than the collision frequency, but 
even in this extreme case a description similar to the above is still possible. 

The o of (8) is independent of the magnetic field strength. In some of the 
alternative formulations of Ohm’s law o decreased with increasing B and hence 
it was often believed that the presence of a magnetic field would increase the 
dissipation of energy due to ohmic losses. However this dissipation is caused 
by collisions and these are not greatly affected by the magnetic field. Thus 
the magnetic field should not much alter the dissipation. 


1°2. Macwell’s equations. — In addition to the equations (5) and (7 ), one 
has the Maxwell equations 


(11) curl B = a3 ; 
and 

3 1e 
(12) curl E = ag 


In (11) the displacement current is neglected. This is justificable for most 
astrophysical applications with the exception of a few cases, ¢.9. where plasma 
oscillations must be considered. It is useful also to introduce in (12) the 
electric field in the co moving system, which gives 


(13) curl E” = — ~b ; 
Here B is defined by 
(14) B=B- curl [vxB] 


and measures the rate of changes of the flux of B through an infinitesimal 
surface element moving and deforming with the fluid. 

In most astrophysical applications E? is small, o is very large, j is bounded, 
and hence E” is small even though the two terms on the right hand side of 
(9) may be individually large. Thus the electric field in the co-moving system 
is very small compared to that usually found in a stationary system, and the 
essential content of (9) is that 


(15) Eu -txB. 
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‘Therefore the energy density in the electric field is of the order of (v/e)? times 


that in the magnetic field. In typical cases this ratio is 1077 and even for 
high velocities is only 107°. 


13. Numerical examples. — The conductivity typically varies between 
about 10! s-! as in cool stellar atmospheres, to 1016 s-1 as in the corona. For 
a sun spot with a diameter of about 10*km and a magnetic field of about 
10? gauss, [curl B|~ 10. Since o & 10! s-1, this gives by (11) and (7) 
E" ~10-°. With v & 3 km/s, (15) gives H & 10-2 > E”. From (12) and (13) 
it then follows that|B|= 10-#<]|B|=10-® or 10-2. The observed life of the 
spot is of the order of days or weeks, i.e. 105 to 105 s so that again | B| is 10-?. 
Since |B| is so much smaller, the magnetic flux must endure very much 
longer than the visible spot. 


The electric fields due to the gravitational term and the expression for the | 


impressed electromotive forces are given by (10). In the approximation of 
hydrostatic equilibrium one gets 


For main sequence stars one has E° ~ 10-!! e.s.u., which is very small com- 
pared to (v/c)xB. For the sun this gives a potential difference of the order 
of 1e.s.u, or 300 V. Using this value of £°, one gets for the relative charge 
separation the very small value 

Mi Me | Gm? 


avi 


Ni e? 


rg 10737. 


The centrifugal acceleration also, by (10), produces an electric field and 
charge separation. For rigid rotation these are smaller than the above 
values by the ratio of the centrifugal to gravitational acceleration. Some 


kinds of differential rotation, those in which E° can not be balanced by a po- 


tential field, produce changes in the magnetic fields and hence, by (12) values 
of E which may be larger. 


2. — Problems of plasma physies in the solar atmosphere. 


2°1. The solar atmosphere. — At the visible surface of the sun, the tempe- 
rature is about 6000 °K, the gas pressure is about 105 dynes/em?, the density 
is 107° g/em*, and thus the sound velocity is about 6 km/s. The ionization 
of the hydrogen is only 0.1% or less. The scale height: i.e. H=1/grad In p, 
is about 100 km. The energy transport just above this surface is mainly 
radiative and the temperature gradient is the radiative one. Immediately 
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below the visible surface the degree of ionization of the hydrogen rises rapidly. 
This increases the opacity, i.e., requires a greater temperature gradient to 
produce the same flux of radiation, and decreases the adiabatic temperature 
gradient because of the specific heat of ionization. In fact, the radiative tem- 
perature gradient becomes larger than the adiabatic one and this leads to 
instability and turbulence similar to that often observed in the earth’s atmo- 
sphere. Therefore in the sun and also in cooler stars one has a convective 
zone in the turbulent state where a substantial part of the heat flux is carried 
by convection. The effects of this are visible in the granules of the photo- 
sphere. These are regions with diameters of about 500 km and a lifetime of 
a few minutes in which the temperature differs by about 10% from the neigh- 
bouring regions. The gas velocities are 1 to 2 km/s. The granules originate 
in deeper regions where the scale height. is probably about 300 km and the 
pressure is about four times that at the visible surface. 

This turbulence draws out the magnetic lines of force and thus feeds energy 
into the magnetic field provided the field is not so strong that it inhibits the 
motion. The point at which this occurs is not yet settled because no theory 
of hydromagnetic turbulence is completely acceptable. There are two schools 
of thought. According to one there should be approximate equipartition 
between the magnetic and turbulent energy densities, leading to a field strength 
of 100 gauss in the sun. On the other hand Babcock’s observations yield a 
field smaller than about 10 gauss in normal quiet regions. ALFVÉN has objected 
to this conclusion and has argued that a small scale stronger field should be 
possible if there is a suitable correlation between the magnetic field and the 
velocities and if this produces some confusion between the Zeeman and Doppler 
shifts. According to the other school of thought, the magnetic field might 
however be much weaker than indicated by the equipartition of energy ar- 
gument. 


2°2. Sunspots. — Sunspots are greatly varied in size, shape, and lifetime, 
but for our purposes it is enough to say that they are cool regions, a moderate 
size spot having an area of Q = 1018 cm?, a field strength of about 3000 gauss, 
and thus a total flux of 10?! to 10” gauss cm?. This field is reasonably regular, 
is approximately normal to the surface of the sun at the center of the spot, 
and leans outwards as the edge of the spot is approached. 

The lifetime is of the order of days or weeks. This is very short, compared 
to the lifetime of the magnetic field due to ohmic losses, which is o/c? ~30 years 
since the lines of force must run through hot regions where the conductivity 
da 10 ark. This suggests that the bundles of lines of force are convected 
to the surface instead of the field being generated at the site of the spot. Two 
alternative models are that of Hale, in which one has a closed loop normal 
to the sun’s surface, and the magnetic analogue to that of Bjerknes, in which 


13 - Supplemento al Nuovo Cimento. 
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à short section of a long tube of force is raised above the sun’s surface. Dis- 
cussion of these points will be found in the Proceedings of the 1956 Stockholm 
Symposium on Cosmical Electrodynamics. 

As mentioned above, sunspots are cool and dark, the heat flux being only 
one fourth or one fifth that of normal regions. Since the energy transport 
in normal regions is probably by convection and since the purely radiative 
transport would be much less, a suppression of turbulence by the strong mag- 
netic field provides a possible explanation for the diminished flow of heat. 

SCHLÜTER and TEMESVARY have developed a model for the internal consti- 
tution of sunspots, making the idealizations that the spot is circular, stationary, 
far from other spots, and in hydrostatie equilibrium. As a preliminary result, 
there seem to be no contradictions between this theory and our ideas of the 
internal constitution of the sun, but the theory is still far from complete. 

One observation that raises serious difficulties is the Evershed effect. This 
is an apparent horizontal outflow of gas with a velocity of about 1 to 3 
km/s over most of the area of the spot. Thus this flow is across the lines of 
force, which is inconsistent with one of the main principles of hydromagnetics; 
namely, that since curl[v x B]+0, the fluid and lines of force move together. 
One can not assume that the lines of force share this velocity since then there 
would be large changes in the field in a few hours. It does not seem possible 
to resolve the paradox by assuming that the outward flow is only of neutral 
particles, and considering a three fluid model, the coupling of the neutral 
particles to the ionized particles is found to be too strong even at the very low 
spot temperatures. Perhaps the solution of the paradox will come only when 
simultaneous observations of the gas motion, and of the changes in the magnetie 
field are available. Such observations would be very difficult but should be 
possible with the available techniques. 


2°3. The heating mechanism of the chromosphere and the corona. — The chromo- 
sphere and particularly the corona are observed to be at much higher tem- 
peratures than the lower regions and not to be in local thermodynamic equi- 
librium. Thus they must be heated by some non-thermal energy source. In 
recent years the idea has been developed that this source is given by acoustic or 
pressure waves that originate in the hydrogen convection zone and are damped 
in the regions to be heated. These waves are caused by the turbulence in this 
zone which was discussed previously. The energy dissipated as heat by the turbu- 
lence is, according to the theory of incompressible turbulence, of the order of 
Véro erg/g 8, where / is a characteristic length that in the sun is equal to the 
scale height. This would lead to total dissipation of the turbulent energy in one 
scale height and hence the conversion to heat of 0 Din eTg/cm? s & 108 erg/em? s 
(0 density). ‘Actually the turbulence is not incompressible as the turbu- 
lence velocities are 1 to 2 km/s and the velocity of sound, v,, is about 6 km/s. 
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Thus pressure waves that propagate outward would be expected. The con- 


version of turbulent energy into noise had been treated quantitatively by 
LIGHTHILL (1952), PROUDMAN (1952), and PARKER (1953). If M is the Mach 
number, the energy that can be converted to noise is of the order of M50vì,., for 
isotropic turbulence, and is probably about M‘ov‘,,,, for the situation in the sun 
spot. The best (order of magnitude) estimate that can be made is that~w1% of 
the energy is diverted from heat to acoustic waves; d.e., 10° erg/em?s. As these 
waves propagate outward into regions of lower density, the amplitude Av in- 
creases (since the constant energy flux is Lo Av?v,) and when Av becomes compa- 
rable with v, shock waves develope. These shock waves rapidly transform 
the acoustic energy into heat. Part of the heat is delivered in the transition 
layer between the chromosphere and corona and part heats the corona. 

We may now raise the question as to what ròle the solar magnetic field 
plays in this process. Outside the spots Babcok’s observations show that the 
field is of the order of 1 gauss. Thus the Alfvén wave velocity ®, = B|/v4ze 
is about 10% cm/s and v,/v, = 0.01. Under these circumstances the magnetic 
field has practically no influence on the conversion from turbulent to acoustic 
energy (KULSRUD, 1953) or on the propagation of acoustic waves in the photo- 
sphere; also in the cases of turbulent magnetic fields of the order of 10? gauss, 
associated with the turbulence the influence of such fields on the production 
of noise would not be excessively large (KULSRUD L.c.). It does modify the 
waves, however in the transition region where v, becomes comparable with ®,. 


24. The state of ionization of the solar corona. — One of the principal ob- 
servable features of the solar corona are the emission lines of highly ionized 
atoms such as FeX— Fe XIV and Ni XII — Ni XVI. The potentials for 
these lines are some hundreds of electron volts (the maximum being some 
800 eV) which leads to a corona temperature of the order of 106 °K. One can 
not use the Saha formula to connect the degree of ionization and the density 
and temperature because the corona is s0 transparent that the radiation field 
is essentially characteristic of the photosphere temperature of 6000 °K. Thus 
there are very large deviations from thermodynamic equilibrium and we must 
consider the mechanisms of ionization and recombination in detail. The same 
situation holds for machines used in thermonuclear research, e.g. in Zeta. 

There are two mechanisms for ionization. Radiation ionization is propor- 
tional to E,N;q,,, where E, is the intensity of the radiation field at the fre- 
quencies of interest which correspond to some 100 eV, N, is the number of 
ions per em? that have lost à electrons, and q’,, is the cross-section for the next 
ionization of these ions by radiation. Tonization by electron collision is pro- 
portional to N, N,v, exp [— x/JkT]aîn, Where N, is the electron density, v. is 
the r.m.s. electron velocity, x is the ionization potential, and gi, is the cross- 
section for ionization by collision. The exponential factor gives essentially 
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the fraction of the electrons with sufficient velocity. There are also two pro- 
cesses for recombination, which are just the reverse of the above ionization 
processes. Radiative recombination is proportional to N;,,N,q.; three-body 
collisions are proportional to N, N2q‘,,.. But only one of the two processes in 
each case is important. Ionization by radiation is unimportant both in the 
corona and in Zeta because , is so small at the frequencies of interest owing 
to the extremely small optical depth. The densities of the corona and of Zeta 
are so low that three-body collisions generally are rare under such conditions. 
Hence the state of ionization is the result of a balance between ionization by 
collision and two-body recombination. As a consequence, by the rates given 
ebove, the electron density drops out and the result depends only on the tempe- 
rature, contrary to the Saha case. No single temperature will account for all the 
degrees of ionization observed in the corona. This is probably explained by 
having different temperatures in different regions in the line of sight. The 
most detailed recent work on the corona has been done by ELWERTH. A cri- 
tical point is that the cross-sections are not sufficiently well known either 
from experiment or theory. A careful combination of the results from both 
sources of information seems appropriate. The situation is very similar in 
the experiments on controlled fusion except that there impurities from the 
walls such as O and Al are important; in addition losses towards the walls 
may require attention. G. KNORR has just made some calculations of the 
degrees of ionization to be expected for O, including the non-stationary case. 


3. — Hydromagnetic problems of interplanetary space. 


31. Isorotation, force-free fields, and the transport of angular momentum. — 
FERRARO, and later ALFVEN, have shown that in a stationary axially sym- 
metrical motion of a highly conducting medium like that near the sun, the 
Stationary state is possible only if the material along the line of force rotates 
like a rigid body. This follows from the condition that curl[v x B]=0. This 
result rises serious astronomical difficulties, as pointed out by ALFVEN, be- 
cause if this isorotation extends even as far as the earth’s orbit the required 
velocities become 400 km/s, i.e. impossibly large. Where, then, does co-rotation 
with the sun break down? 

LÜST (1952) showed that the point at which the turbulent energy density 
would balance the magnetic energy density was near the orbit of Mercury and 
hence suggests that this was the point at which isorotation breaks down. 

LÜST and SCHLUTER (1954) pointed out that force-free fields should be im- 
portant in this as in other astronomical problems. Such fields should be 
expected when, as in the neighborhood of the sun, the magnetic energy density 
is large compared to all the other energy densities. Thus the magnetic field 
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must be so arranged that the net forces it exerts are small. A force-free field 
ig one in which the magnetic forces are zero and is achieved if the electric 
current is everywhere parallel to the magnetic field. This requires that 
BxcurlB=0 and is mathematically equivalent to a problem treated by 
BELTRAMI half a century ago. List and SCHLÜTER found an axially sym- 
metric force-free field in which the lines of force are closed inside a sphere 
centered on the sun. The field inside this sphere, which will have a radius 
of about a third of an astronomical unit, can now rotate with the sun while 
outside the sphere one can fit a stationary magnetic field that satisfies the 
desired boundary conditions at infinity, and the rotation does not stretch 
out any field lines. 

The transport of angular momentum from the rotating star to the inter- 
stellar medium in this situation was treated by LUST and SCHLUTER (1955). 
It was suggested that the angular momentum is transported by the magnetic 
field to this spherical boundary and then by turbulent viscosity to the inter- 
planetary medium. (The fact that a field is force-free does not indicate the 
absence of stresses, it says only that the divergence of the stresses is zero.) 
In this way it was hoped to explain the fact that the stars observed to have 
large angular momenta have ages less than about 10° years, while older stars 
are observed to have small angular momenta. But it was only possible to 
show that in the axially symmetrical case angular momentum would be trans- 
mitted by torque-free fields (i.e. fields force-free only normal to the meridional 
plane) differing but little from force-free fields. For axially symmetric, com- 
pletely force-free fields it was not established whether or not torques could be 
transmitted. (For the more special case of cylindrical rather than axial sym- 
metry, SCHLÜTER (1957) has shown that force-free fields can transmit torque). 

This is only a rough treatment of the problem because corpuscular radiation 
must almost continuously produce deviations from this idealized stationary 
state which, however, should be restored fairly rapidly. 


82. Densities, velocities, and magnetic fields in interplanetary space. — The 
most stationary feature of interplanetary space is the zodiacal light which is 
observed between the orbits of Venus and the Earth. This is sunlight scattered 
from dust and electrons. The amount of each can be determined in principle 
by observing the intensity and the polarization of the scattered light. The 
dust is mainly in the ecliptic plane but according to the observations of BEHR 
and SIEDENTOPF the electrons are not 80 concentrated and have a density 
near the earth of about 600 cm-?. The contribution to the polarization of 
the dust has been reexamined by VAN DE Hust who concludes that the 
electron density is (400 + 50%) cm”. There are, of course, @ corresponding 
number of positive ions. The zodiacal light has not yet given any information 
on the interplanetary electron velocities. 
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We know of solar corpuscular radiation mainly from studies of geomagnetic 
activity and of the aurorae. These show recurrent features with a period of 
27 days, corresponding to the synodic rotation period of the sun and inter- 
preted as due to corpuscules originating from limited active regions on the sun. 
Velocities of 108 cm/s follow from the travel time as deduced from the com- 
parison of solar and terrestrial events. This velocity is slightly higher than 
the thermal velocity in the outer corona. Values for the particle density in 
corpuscular streams have been deduced by CHAPMAN and UNSOLD (1949) from 
the absorption of radio noise that crosses such a stream and from some addi- 
tional evidence. They deduce local peak values on rare occasions of 10° cm”; 
for more normal situations values of the order of 10? to 10° cm-* may be derived 
(not mentioned by the authors). These correspond to particle fluxes of about 
101 particles/em?s and 101 particles/cm? s, respectively. 

Some information can be obtained from cosmic ray data, especially that 
on the cosmic rays with energies 1 to 30 GeV produced in connection with 
solar flares. These particles reach places in polar regions that they could not 
reach if they were not deflected by magnetic fields in interplanetary space. 
Observations on the 23" of February, 1956, make this quite certain. From 
the widths of the impact zones (where the particles arrive with minimum delay) 
it appears that the source is larger than the visible sun. A source having about 
the diameter of the co-rotating sphere of magnetic lines of force treated earlier 
would explain the observations. The delayed onset times at polar stations 
require some kind of magnetic fields at distances out to a few astronomical 
units. The sharp onsets in non-polar regions require that there be very little 
magnetic field between the co-rotating sphere and the earth. The considerable 
fluctuation in the low energy components (1 to 10 GeV) with the solar cycle 
seems to require magnetic clouds throughout most of the solar system, these 
clouds being stronger or more irregular when the sun is most active. 


33. Comet tails. — The solid nuclei of comets have probably diameters of the 
general order of 1 to 10 km composed of dust grains held together by frozen 
gases. These nuclei are not visible; but when they approach the sun the gas 
evaporates producing a surrounding coma and a tail. The coma is composed 
of dust and gas and has a diameter of about 104 to 105km. There are three 
types of tails. Type I tails are directed nearly radially away from the sun 
and are composed of ions such as CO*, N; , and presumably others that are 
difficult to observe owing to the spectral distribution of the resonance bands. 
Type II and III tails are much more curved and are composed of neutral mole- 
cules such as CN, ©,, and of dust. The curvature of type II and III tails 
suggests that the material is accelerated away from the sun by light pressure 
with an acceleration of the order of the local solar gravity. The straightness 
of the type I tails and the accelerated motions sometimes observed in bright 
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knots gives accelerations away from the sun ordinarily about 10? times the 
local solar gravity. At times, as in Comet Morehouse, Comet Halley, Comet 
1942 g and others, this can rise to 10° or 104, These accelerations can not 
be due to light pressure, which falls short by several powers of 10, because 
of the low oscillator strength of the transitions in question, and hence another 
mechanism is required. The particle density in the tail is not well known, 
but the CO+ alone may be about 10 particles/em* in a bright tail. It has been 
proposed (L. BIERMANN, 1951) that the solar corpuscular radiation accelerates 
the gas in type I comet tails. This will also explain the ionization. The only 
alternative explanation for the latter is ionization by ultraviolet light, which 
would require an intensity exceeding the black body value by 105- 10°, and 
recent rocket observations exclude this. The ionization is rather produced by 
charge exchange, à cross-section of 10-15 em? which is supported by laboratory 
experiments being easily sufficient to explain the observed rates of development 
of ion structures in comets. One mechanism of coupling that may produce 
the acceleration is the ordinary friction between the ionized gases which is 
effective, if the electron is of the order of 107. (The unionized type II and. WI 
tails would not be accelerated by this mechanism.) CHAPMAN suggests however, 
that, with an essentially static interplanetary gas heated from the solar corona, 
the electron temperature should be 105 °K, in which case the frictional 
coupling mechanism ‘would fail. But a solar magnetic field like that described 
above would greatly reduce the thermal conductivity and hence lower the 
temperature in the interplanetary space. Also if there is to be any solar 
corpuscular radiation, it will sweep away any static interplanetary gas, and, 
in fact, as mentioned already, the interplanetary gas contributing to the 
zodiacal light seems to be just the outward flowing solar corpuscular radiation 
(L. BIERMANN, 1957). In addition, collective phenomena of some sort or entrained. 
magnetic fields might enhance the coupling between the solar corpuscular 
radiation and type I tails. 

This model in its general lines is supported by the fact that recurrent acce- 
lerations of bright knots are seen separated by the period of rotation of the 
sun as seen from the comet. There is also correlation between geomagnetic 
phenomena which should be produced by the solar corpuscular radiation, and 
accelerations in comets, when they are so situated that they might be expected 
to be in the corpuscular beams. 

The structure of comet tails often suggests that magnetic fields may be 
present. For example, one often sees streamers containing fine structures 
whose radii are 10° km and whose lengths are as much as some 105 to 10° km. 
If the temperature were even as low as 300 °K, thermal motions would in- 
crease greatly the diameter before they attained such lengths. Magnetic fields 
along the streamers would suppress the expansion. Sometimes one can see 
structures that appear like a helix seen in perspective. These may be due to 
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force-free magnetic fields. Sometimes the accelerations are reasonably far from 
radial. Perhaps the magnetic conditions are different from cloud to cloud, 
but these observations have not been worked out. 

Finally, it does seem that the observations on comet tails exclude the pos- 
sibility of co-rotation of the gaseous interplanetary medium in the neighborhood 
of the earth (outside, of course, that region in which there must be co-rotation 
with the earth itself owing to the geomagnetic field). 
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INTERVENTI E DISCUSSIONI 


— C. DE JAGER: 


Is the life time of a granule long enough to allow equipartition to be set up between 
the turbulent and magnetic energies? 
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— L. BIERMANN: 

The conductivities are such that one can speak with some confidence of frozen-in 
magnetic fields. Under these cireumstances one might expect that if turbulence con- 
tinues for a very long time (though being short compared to the life of the sun), a 
state should be reached where there would be this equipartition. This view is supported 
to some extent by the theoretical work of FERMI, of BATCHELOR, Of SCHLÜTER and 
myself, and of CHANDRASEKHAR ; but the subject is so difficult that the theory is not 
yet in a final state. The evidence from Babcock’s measurements is against this con- 
clusion anybow at first sight, but the resolution is not as fine as the structures found 
by Schwarzschild and the conclusion may have to be revised. 


— G. GOLDSTEIN: 
Is not the situation in the machine very different from that in the corona because 
of the electron losses to the walls in the machine? 


— L. BIERMANN: 
Yes, this is certainly right. Perhaps Dr. THONEMANN could say something about 
the conditions in the machines. 


— P. C. THONEMANN: 
We are still trying to find out whether the walls are playing a part or whether the — 
lower electron temperature suggested by Dr. BIERMANN is the important factor. A com- 
plicating factor is that we see progressive stages of ionization of oxygen emitted from 
the wall. We see the O V and O VI but do not know the final state. 


— THONEMANN, FERRARO, GIOVANELLI, DE JAGER and BIERMANN discussed the 
influence of the magnetic forces on the height of the visible «surface » in the spots 
relative to the surroundings, here the gas pressure (according to the contribution of 
ScHLùTeR and TEMESVARY to the Stockholm symposium, 1956) is lower than in the 
same geometrical level in the photosphere. 


== TL GOLD: 

In connection with corpuscular radiation and force-free fields, I can see that as 
a first approximation one should work out the force-free fields. But it seems to me 
that static fields in which gas pressure significantly affects the shapes are to be worked 
out next, since the gas pressures in the solar atmosphere are large enough to do this. 
Thirdly, since the observed variations with time are large, the transient state is impor- 
tant. These dynamical field shapes may vary greatly from the static shapes and be 
the ones actually observed. After all the geomagnetic records show activity more than 
half the time. 


— L. BIERMANN: 

Yes, the dynamical state is certainly important. PARKER has considered an ideal 
case in which the gas streams out radially from the sun. When one considers the 
interaction between these corpuscolar streams and solar magnetic fields, one gets electric 
fields which produce a coupling with the comet tails. Cometary observations do not 
seem to favour this model, at least in the region between Venus and Mars. 
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— T. GoLp: 
The co-rotating sphere must be greatly disturbed by the outstreaming corpuscular 
radiation. 


— L. BIERMANN: 
Certainly, it is intended only as an idealization describing the average conditions. 


— Gorp and BrerMANN discussed the extent to which fields connected to the sun 
would give angular momentum to the corpuseular material coming out while Biermann 
felt that there should be a co-rotating inner region. 


— T. GoLp: 

The interaction mechanism between the corpuscular streams and the material in 
the comet tails has always puzzled me. The magnetic interaction is very attractive; 
but since the acceleration would be normal with the magnetic field, this requires an 
unacceptably accurate alignment of these fields. 


— L. BIERMANN: 


That is perfectly correct. Ordinarily frietion should provide the coupling, as indi- 
cated in the lecture. But magnetic fields might at times play an important ròle and 
explain some of the observed phenomena. 


— R. GALLET: 


I would like to make two remarks about the corpuscular radiation. The observa- 
tions from the whistlers indicate that at least 50% of the time the space near the earth 
has a filamentary structure since when we have good recording conditions each whistler 
is propagated along several discrete paths. Second, the observed VLF (very low fre- 


quency) radiation, which is different from the whistlers, is sometimes easily explained . 


as originating from a stream of material that comes steadily for several hours with a 
velocity that may be roughly 3000 km/s. More often the observations are to be explained 
as due to small bunches of corpuscular radiation, with diameters of several 100 km, 
and velocities of 10'km/s. It seems clear that the corpuscular stream is broken up 
into droplets and accelerated near the earth. The whistler data give an average elec- 
tron density out to 3 earth radii of about 5000 per em? which is larger than the value 
you give for interplanetary space. It seems clear that this is to be regarded as an 
extension of the earth’s atmosphere since the gradient in the density shows that the 
density is proportional to r-%. The scale height shows that the gas is ionized 


hydrogen. 
— L. BIERMANN: 
Does the transit time from the sun to the earth support the high velocity of 
104 km/s? 
— R. GALLET: 


No, the high velocity arises only in the neighborhood of the earth. We attack only 


secondary effects, such as those connected with aurorae. There is a good correlation — 


between flashes in the aurorae and the bursts of the VLF noise. 
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= V. FERRARO: 


I think that the spectroscopic observations of Meinel along the lines of force confirm 
the high velocities. 


== KR. .GALLET: 


Yes, when one includes the spiraling around the lines of force these observations 
give particle velocities of 10* km/s. 


== Vi HERRARO: 


Is not 104 km/s too high a velocity because it gives too great a penetration of the 
earth’s atmosphere? 


_R. GALLET: 
A velocity of 104km/s is needed for penetration to 100 km. 


CODE JAGHR: 


BLACKWELL has shown recently that the interplanetary gas is of solar origin and is 
drifting away from the sun. Since the distribution of polarization seems to be sym- 
metric around the ecliptic rather than the solar equator, it is suggested by BLACKWELL 
that the dust produces much of the polarization and that the gas density is less by a 
factor of 10 than the usual figure. I do not know if this is right and would like your 
opinion. Secondly, does the sharpness of the onset times for the solar flare cosmic rays 
support a low value of the interplanetary gas density? 


— L. BIERMANN: 

As to the first question, I think that Dr. van de Hulst’s discussion two years 
ago yielded the value of the electron density which I used. I do not know if the 
data would admit a substantially lower density. = 


— H. C. van DE HUIST: 
Not if the theory is right. 


— JL. BIERMANN: 

As to the second point, the sharpness of the onset times have been discussed by 
List and Simpson. If there are no interplanetary magnetic fields, the gas density is 
too low by perhaps 10° to produce any noticeable absorption. The influence of magnetic 
fields is complicated. First, the cosmic rays appear to come not from the visible sun, 
but from a larger region that could be the co-rotating sphere. Second, there seem to 
be some magnetic fields which SIMPSON puts at about 1.5 astronomical units from the 
sun, which reflect the cosmie rays back. This is, however, too simple a model. Perhaps 
Dr. List has some comment on recent improvements of the model. 


ae UST 

| There has been no progress in understanding the situation. The simple assumption 
of Simpson, Meyer, and Parker was just an assumption to enable them to analyse 
a complicated situation and they never held that it was a close approximation to the 
actual situation. 
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— C. DE JAGER: 
Should the reflecting cloud be spherical or toroidal? 


— R. Lust: 
The only thing needed to explain the observations is some kind of cavity that will 
store some of the cosmic rays for times up to 12 hours. 


— E. SCHATZMAN: 

What is the time scale for the exchange of angular momentum between the star 
and the interstellar medium? Is it the same for all types of stars? If it is always 
comparable with the contraction time of average stars, the angular momentum of 
light F, G and K stars could be carried away but that of heavy A and B stars could not. 


— L. BIERMANN: 
This depends on the magnetic field strength; cf. the papers of List and SCHLÜTER. 


— E. SCHATZMAN: 

Matter ejected from the star would carry away angular momentum. If it interacts 
with a co-rotating magnetic field, only a very small loss of mass is needed to explain 
the deceleration of the rotation. 


— R. List: 


Ter Haar showed that any reasonable loss of mass would not produce enough 
deceleration. 


— E. SCHATZMAN: 


But he did not include the effects of a magnetie field, which could impart angular 
momentum to the gas after it left the star. 


— P. J. KELLOG: 


Observations at Iowa and at Minnesota of X-rays in conjunetion with aurorae 
provide information on the corpuscular streams. The theoretical work of CHAPMAN 
and FERRARO allows one to deduce particle velocities of the order of (3000-4000) km/s 
and particle densities of only 1 or 0.1 per em? if the X-rays come from the full stream 
striking the earth. 


— T. GoLrp: 


In connection with Dr. Schatzman’s question, it seems important to note that 
stars differ enormously in surface conditions, and the outflow of matter and hence of 
angular momentum should vary enormously from one type of star to another. Perhaps 


some sharp change in the detailed surface conditions explains the sharp break in the 
curve of angular velocity. 


— L. BIERMANN: 


There is a point that occurs to me in connection with some of the earlier questions. 
The earth’s magnetic field and the entrained material should co-rotate with the earth 
out to some cut-off surface, just as the sun’s field does. The analysis of cosmie ray 
data by Dr. RornweLL indicates that out to 2 or 3 earth’s radii the magnetic field is 


essentially as deduced from surface measurements. Thus, the co-rotation should end 
at some more distant point. 
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SUPPLEMENTO AL VOLUME XIII, SERIE X 


DEL NUOVO CIMENTO 


Plasma physics, as defined in other lectures à 


The Interstellar Plasma. 


H. C. vAN DE HUIST 


Sterrewacht Leiden 


I. — The Observational Data. 


applicable to the interstellar gas, if 
a) there is ionized gas between the stars, 
b) there are magnetic fields in the interstellar space. 


Evidence on these points 
nomy, from radio-astronomy, 
In this first lecture we shall review 


1. — The geography of the Universe. 


Table I gives 


which we are dealing. 


N. 


1, 1959 


30 Trimestre 


t this Summer School, is 


can be derived from classical, 4.e., optical astro- 
and to some extent also from cosmic ray studies. 
the pertinent observations. 


an idea of the orders of magnitude of some quantities with 


We shall be especially concerned with the gas dispersed 


TABLE I. — Basic properties and dimensions. 


Geometry Internal velocities Nutaber 
density 
size (cm) shape systematie | random atoms/em? 
| A star (Sun) 1019 sphere — — 10% 
1 n 30 km/s Le 

A solar system 10 flat (Earth) 

1 200 km/s 
| A galactic system | 10°°=30 kpe | disk +halo (rotational) 10 km/s 1 
The Universe 1028 — up to e | 500 km/s 10 


Il 
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Conversion; 1 kpe=1 kiloparse 


e = 3.25°1074 cm, 1 km/s=1 kpe/10° year. 
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in the galactic system. However, we must realize that there may be transfer 


of matter from stars into the interstellar gas, or conversely, and from the 
latter to the universe. 


2. — Populations in the Galaxy. 


The material in the galactic system is divided over stars, gas and dust in 
the following approximate percentages. 


Stars Gas Dust 
Total system 98% 2% <1% 
Near the sun 75% 25% <1% 


We should like to study the distribution of this material in six-dimensional 
ordinary and velocity space. However, not all data can be measured equally 
well. The position on the sky can be measured with high precision but any 
distance estimate usually is inaccurate. The velocity of a star or gas cloud in 
the line of sight can be measured with ease from the Doppler effect, but the 
motions across the line of sight can be established only for nearby stars. 

In spite of these limitations in the observations one important fact has 
emerged: not all combinations of velocity and space distribution occur. Instead, 
two fairly distinct groups (populations) are seen. The stars of the two popu- 
lations differ also by their chemical constitution and other physical charac- 
teristics. Briefly, the properties are as follows. 


Population I = Disk population = Young population. — The motion of stars 
and gas clouds of this population occurs in nearly circular orbits in the disk. 
Motions perpendicular to the disk and motions causing deviations from circu- 
larity are only about 10 km/s. The distribution in space is very flat, with 
average deviations from the galactic plane of about 0.1 kpe. The distribution 
inside this flat disk is not homogeneous but shows irregularities and spiral 


arms. Some stars of this population occur strikingly in nests (technical term: 
associations). 


Explanation: After the Galaxy had formed, the gas motion settled 
to the state of minimum energy consistent with a given angular momentum 
i.e. to a rapidly rotating flat disk. The stars which formed from the gas at 
any time between that moment and now have to partake in this general 


motion. Stars formed very recently (0 to 10 million years ago) can still be 
seen near the nest where they were hatched. | 
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Population II = Halo population = Old population. — Stars of this popula- 
tion that happen to pass in our neighbourhood have no tendency to move in 
the disk or to describe a circular 
orbit. The space distribution is 
only moderately flattened. Average 
distance from plane =5 or 10 kpe. 
Most objects belonging to this 
population are fairly strongly con- 
centrated towards the galactic 


Disk 
Van 


center 


ere: No spiral structure, no sections 
interstellar clouds. through 
spiral arms 


Explanation: The stars which 20 kpc 


formed before the gas settled to 
a disk-shaped system are still seen 
in very nearly the same orbits as 
they had at birth. 

Note: There are intermediate forms and other significant criteria not 
mentioned in this brief description. In recent discussions up to 6 or more 
populations have been distinguished. 

A schematic picture of disk and halo is given in Fig. 1. 


Fig. 1. — Schematic drawing of the Galaxy- 


3. — Observational data about the interstellar gas. 


The overall properties reviewed above cannot be readily inferred from what 
we see at our single observing point, the sun. The picture has been pieced 
together from much patient and ingenious work by a large variety of methods 
“We shall not further discuss the stars but shall briefly summarize where the 
data on the gas come from. 


Optical data can be obtained in the range (2 + 0.3) um — 3 000 À. Re- 

- cently, rocket observations have been made in the 1300 À region. Within the 

disk, visibility extends to about 2 kpe, because of scattering by the interstellar 

dust, which amounts to a factor 5 or 10 on 1 kpe, in the average. For this 

reason it was formerly thought that the sun was in the centre of the Galaxy. 
The following gaseous objects are observed: 


a) Shells, which are concentric with a star, and were clearly blown off 
by this star. Masses of the order of 1 solar mass, or smaller. The matter in 
the shell will eventually become part of the interstellar gas. One example, 
the Crab nebula, will be discussed in detail. 


D) Heavy nebulae, which consist of highly irregular’ masses of gas, mixed 
with a small amount of dust. In bright nebulae we find hot stars, responsible 
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for ionization and excitation of the gas. The same nebulae usually show dark 
spots, due to the absorption of light by overlying dust clouds. The density 
of the nebulae is of the order of (10*--10*) atoms/cm?. Total masses up to 104 
solar masses. Famous example: the Orion nebula. 
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c) Emission regions, which are similar to nebulae, but fainter, so that 
special techniques are required for their observation. Density 10 atoms/cm?. 


d) Clouds producing absorption lines. The absorption of Ca* and other 
lines can be observed in the spectra of bright stars and are distinguished as 
interstellar in spectroscopic binary stars. The existence of separate absorption 
components with different Doppler shifts points to the existence of separate 
clouds. These are probably clouds in which hydrogen is ionized (H II regions). 
The may be similar to e), above. HI regions cannot be observed, except 
for the suspicion that in most dark dust clouds the hydrogen is unionized. 


Radio data are obtained from all over the Galaxy as dust absorption is 
absent. The radiation can be either continuous or in the 21 cm hydrogen line. 
Continuous radiation can be distinguished in «thermal » and «non thermal » 
radiation. The main properties are summarized in Table II. 


TABLE II. — Mechanisms of galactic radio emission. 


from mechanism 
thermal, predominant at emission 
short A, e.g. 10 em regions in disk free-free 
Continuous radiation 
non-thermal, predominant 4 probably 
at long A, e.g. 3m halo+ disk synchrotron 
h fine- i i 
on { hyper da structure line HI regions spontaneous 
| of atomic H at 21 em in disk transition 


4. — Mapping of spiral arms. 4 


Let us investigate the possibility to make a map of the Galaxy with its 
spiral arms in the ordinary 3-dimensional space. We call 
r = distance from the sun, 
l = longitude along the galactic plane, 
b = latitude from the galactic plane, 
Vr, v and v, the corresponding velocities. 
The quantities which can be measured directly, are l, b and v,. Clearly, 
the problem is to find r. This is done as follows. | 


> 
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Emission region (HIT): from 
he optical brightness of the 
tars involved.This method is 
onfined to the «visible range » 
f roughly 2 kpc and, even 
here, often uncertain. Never- 
heless some parts of the nearer 
piral arms were first mapped 
by this method in 1950. 


HI regions: by à conversion 
of the measured v, (Doppler 
effect) into r (distance). This 
conversion is based. on the as- 
sumption that both the cloud 
and the sun make circular orbits 
around the galactic centre. It 
can be shown (Fig. 2) that 


0, = {o(R) —'o(R,)}R, sin , 


hydrogen 
‘ cloud 


Fig. 2. — Differential galactic 
rotation. 


where l = reduced longitude 
and w is the angular velocity 
of rotation at the distance È 
from the centre. The function 
©(R) is connected with the 
gravitational potential, and thus 
with the ‘density distribution. 
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There are methods to find this function. Once this function is known for 
2 values) can be derived from 


the galactic system R and thus r (0, 1 or 2 


the measured ?,. 
Observations of the 21 cm line and consequent mapping of the spiral arm 


have been extensively pursued, mainly in the Netherlands, since 1951. It 
was found that forbidden velocities (on the above assumptions) are virtually 
absent; the ambiguity (2 values of r) that arises for R < R, was resolved by 
studying the latitude distribution. The space density of atomic hydrogen was 
quantitatively mapped in 3 dimensions over all of the sky visible from Holland 
with a resolution of the order of (0.2x0.2x 0.5) kpe. This is sufficient to see 
the spiral arms in detail but not to observe individual clouds. Fig. 3 shows 
a sample cross-section through three spiral arms. Corresponding research on 
the Southern sky has since been made at Sydney. 

The 25 meter telescope at Dwingeloo put in operation in 1956 gives an 
angular resolution of 0.56°. With this telescope the brightest extragalactic 
systems M 31 (Andromeda nebula), M 33, M 101, ete., were found to behave 
similarly to our Galaxy. The Magellanic Clouds studied in Australia appear 
to have relatively more hydrogen gas, in agreement with their stronger Popu- 
lation I. 

Another phenomenon discovered at Dwingeloo is the expanding motion 
of hydrogen gas in the nuclear region of our Galaxy (see Part. V). 


II. — Mechanisms of Radio Emission. 


5. — Units and definitions in radio astronomy. 


For a black body of absolute temperature 7, the brightness as a function 
of the frequency » is given by the Raleigh-Jeans law: 


Di 2kTy° 


B = 
e? 


’ 


where 7 is the real temperature of the body. For an arbitrary body we can 
define a brightness temperature 7, according to the formula: 


spia 2kT 3° 
e? 
The units of B are erg/(em?s sr Hz) or more commonly W/(m? sr Hz). 
For an arbitrary source the flux density is defined by integrating the bright- 
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ness over the solid angle: 


S=|Bd4Q, 


The units of S are erg/(cm? s Hz) or more commonly W/(m? Hz). 
A few consequences of these formulae are: 


a) Any brightness (this is the same thing as in traditional astrophysics 
would be called surface brightness) can be expressed by an equivalent bright- 
ness temperature, whether the mechanism of emission be thermal or not. 


b) This brightness temperature has to be >1°K or > 0.1 °K (with 
present receivers) to be measured at all. Small radiotelescopes can do this 
equally well as big ones provided the source fills the entire antenna beam. 


c) The ease of detecting a « point source » increases as the square of the 
telescope diameter. 


6. — Thermal radiation. 


As is customary in radio astronomy, we shall restrict the use of the name 
«thermal radiation » to free-free transitions (bremsstrahlung) from a thermal, 
ionized gas. The emissivity per unit volume, e, is given by 


4 2 \rL î 
= xB(1) sE a erg/cm? s sr Hz, 


where x is the absorption coefficient per unit length, given by 


4eS N°? 
— 3(22)3/mkT)tey® 


ui 


| 
| 
x 


The relation e— xB is Kirchhoff’s law. In the formula for x, the reduction 
of the absorption coefficient by stimulated emission is included. 

The factor L is a logarithmic factor, related but not identical to the one 
which appears in expressions for electrical conductivity (see lectures of Prof. FER- 
RARO). The difference is in the fact that the upper impact parameter under 
the logarithm may be the Debye shielding distance but may also be i SIP 
for the pulse emitted by a too slow encouter simply does not contain the highest 
frequencies. 

As a consequence of these formula the brightness of a layer of finite thick- 
ness J, becomes 


generally: B= B(T)(1 — 6"), where t= Ix, 
for small 7 this reduces to B= tB(T)~”, 
for large t this becomes B = B(T)- ». 
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7. — Evidence for the existence of non-thermal radiation. 


Already in 1931 galactic radiation at long waves (15 m) has been observed. 
The corresponding T, in the brightest parts is of the order of 500000°, which 
is too high for thermal radiation. 

Point sources, discovered in 1946 and later, give various spectra, most of 
which are outside the range permitted by thermal radiation. For example, 
we have: 


Suri(approximately) 2 eten. Goer black body; 
Orion nebula at high » and other emis- 

sion regions in entire range S = y° thermal, small +; 
Crab Nebula wc. + Tee | 


non-thermal. 
Cygnus A, Cassiopeia A, etc. . . . ..S~v®8 | 


The situation is illustrated in Fig. 4. Although accurate measurements on 
an absolute scale are difficult to attain, it is quite clear that the spectrum of 
most sources runs against the slope prescribed by the theory of thermal ra- 
diation. Also, the known size of some of the discrete sources gives a high 
brightness temperature, which cannot be thermal. For instance, at 2 —10 m 
the quiet sun is very nearly a thermal source 
with diameter 35’, T,— 10%. The source Cas A 
has a flux density S which is 10 times higher = 
= 4-10? MKS units, in spite of the fact that 
its diameter is only 5’, so that its solid angle 
is 50 times smaller than the sun. Consequently, 
T, = 50-10-10° = 5-108, approximately. 


Fig. 4 (prepared for this publication by Miss A. 
Ross and the author). — Flux densities of some 
bright radio sources as a function of the frequency, 
drawn by interpolation between the most reliable 
measurements. The range of each curve in frequency 
indicates the actual range of the measurements. 

: Thermal radiation from Venus and Jupiter has been 
10 10 10° 10° MHz10 reduced to mean inferior conjunetion and mean op- 

10m 1m 10cm Im. position distance, respectively. 
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8. — Theory of synchrotron radiation. 


This effect has often been mentioned in lectures at this summer school 
as it is important both for laboratory investigations and in the cosmos. Its 
possible importance for solar radio astronomy was first suggested by KIE- 
PENHEUER. Later SKLOVSKIS (1952) invoked it for the galaxy and for point 
sources; the russian school calls it magnetic bremsstrahlung. 

Principle: An electron moving in a homogeneous magnetic field describes 
a helical orbit. The centripetal acceleration in this orbits causes the emission 
of radiation, according to classical theory. Let us take for convenience a cir- 
cular orbit. The angular velocity and radius are given by: 


rs ecH 1 eHc 
a HORS Ev 
where 
2 
E = energy of the electron = TAI ; 
VI — v?/c? 


The units are the conventional gauss units: electrostatic for e and electro- 
magnetic for H. 

As the motion is strictly periodic with circular frequency ©, (gyrofrequency), 
the emitted spectrum consists of discrete peaks at frequency ©, and its har- 
monics. Two limiting cases may be di- sie 
stinguished. | 10 


AIT DEC (non-relativistic elect- 
rons), the only frequency emitted is o,. 05 


b) If H> mo e?,1.€., VRC (relativistic 0 
electrons), a great number of harmonics 
are emitted, in practice defining a con- Fig. 5. '_ Characteristic spectrum of 
tinuous spectrum of a characteristic form synchrotron radiation by electrons of 
illustrated in Fig. 5. The reason for this one velocity. Intensity is pos METRI 
is that, similar to the well known effect of ne a An 
aberration, the emitted energy is sent ven: Bull. Astron. Nether., 12; 285, 
mainly in and near the direction of no. 462 (1956)]. 
momentary flight of the electron in its 
orbit. Consequently, any fixed observer receives only short pulses of energy, 
which upon Fourier analysis give a large number of harmonics. 

The properties of the radiation emitted by an electron in à helical orbit 
are quite similar to that emitted in a circular orbit, namely for relativistic 
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velocities: emission only in very narrow cone around tangent of orbit, linear 
polarization with electric field | acceleration, i.e. | H, practically continuous 
spectrum. Let us now define the numerical values. If we call 


m = rest mass of an electron, 
e =charge of an electron, 
e = velocity of light, 
H = magnetic field, 
E = total electron energy, 
R = radius of orbit, 
6 =pitch of helix, 
F(a) = the function presented in Fig. 5, 


we have: 


¢.g.8. units | E in eV 
5 E 
Ratio mass/Rest mass) y = —; yo 99 IUT 
me 
Radi E 
adius of orbit Ke = oH R =3.33-10-* E/H 
ko he 3eE? H così 
Characteristic frequency, v = 3y°r, = iaia v =1.64-10-5E?H cos 6 
Emission per unit V3:eH cos 0 _/y v 
frequeney band P(v) = Sat 2) P(v) = 2.34- 10-2 F (2 }rro0xe 
Ve Ve 
Total radiation ] 4 Le i 
adiation loss Ho Ton H*E* cos? 0 | W = 6.0-10-?°E?H?® cos? 6 
Time for energy loss t si 3m' e? 
oh SAR arr t =2.71014(H cos 0) 2e 


| Some representative examples, that may illustrate the orders of magnitude 
involved, are given in Table III. All values have been computed for electrons. 
Protons give weaker radiation (~ m-1) and have a much longer life-time (~ m4). 
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The characteristic times for energy loss are quite large in all cases mentioned, 
except for hard electrons in cosmie rays (which are just wiped out) and for 
the electrons giving the optical radiation in the Crab nebula (which have to 

be replenished somehow). 


TABLE III. — Representative examples of synchrotron radiation. 
E (eV) H cos 0 (G) R Vo t 
Synchrotron 7:10? 5-108 | 46cm de Ke 0,148 
| Solar electrons BAG i 100 km 1.5: 1014 1 day 
| Cosmie-ray elec- | {soft 3-10" 10-5 2/3 astr. unit| 1.5-10% | 10* 8 
trons in the ieee 
Galaxy hard 3 - 1018 10-5 0.3 kpe 1.5-102 |10° 5s 
LA fradio 108 10-3 | 3000 km 164MHz |105 years | 
2 opt. 2-10! 10e 1/20 astr. unit | violet light| 50 years, 
| Halo of Galaxy aL? 10-65 2/3 astr. unit. | 150 MHz LOM 


Note that the energy loss dH/dt~ E? gives rise to a finite time to bring 
the energy from co to H. For non-relativistic electrons the more familar 
exponential decay occurs with an energy decay time 

3 mes 
T=- a (H cos 0)? = 2.6-10*(H cos Fa 
4 e4 
In a thermonuclear machine with H =10* gauss we must use for average 
electrons (104eV) the non-relativistic formula, which gives T=3 8, and for 
the high-energy tail of the distribution (105 eV) the relativistic formula: t= 3 58. 
This seems in either case an important loss. 


III. — The Crab Netula. 


9. — Observational data on the shell. 


About 1770 MEssrer made a list of nebulae and other fuzzy objects so that 
comet hunters would not be disturbed by them. Number 1 of this list is the 
Crab nebula. The first identified radio source (Tau A) was this same object. 

Optical observations (photography, spectroscopy, photo-electric photometry) 
show that it consists of two parts: 


1) a shell, consisting of filaments, which gives an emission line spectrum. 


2) an inner mass that is fuzzy but not amorphous, and which gives à 
continuous spectrum. 
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The shell has a normal nebular spectrum, from which an electron tempera- 
ture T,=15 000 °K and an electron density N,— 10% cm-* has been derived. 

The transverse angular expansion can be measured by comparing old 
photographs with recent ones, and the radial expansion can be measured 
from the Doppler shift. If we assume that the radial and transverse expansion- 
velocities are equal, we can derive the actual dimensions and the distance of 
the nebula. From the transverse expansion we can extrapolate backwards 
and find that the nebula originated about 1000 years ago. It is most likely 
to be identified with the supernova of 1054, known from Chinese sources. 

The radial velocity measured by Doppler splitting gives a velocity of 
1150 km/s; the distance is 1 kpe or 2 kpe, the corresponding longest diameter 
is 1.8 pe. or 3.6 pe. The uncertainty is in the question whether the expansion 
velocity in the line of sight equals that at the end of the major axis (true 
form — oblate spheriod) or at the end of the minor axis (true form = prolate 
spheriod). 

Bright knots in the spectral lines can be identified with individual filaments; 
their radial velocities give a 3-dimensional picture of the filaments, showing 
that they are located in the outside of the nebula. The mass of the shell is 0.1 
to 1 solar mass. 


10. — Observational data on the inner part. 


The visual continuous spectrum is white and does not give much of a clue 
to its physical explanation. The first surprising fact came from radio obser- 


log 7) ras! oak vations which yield a value 


higher than the value found 
in the visual region. The radio 
and the visual continuous 
spectrum appear to lie on the 
same straight line, the slope 
of which corresponds to what 
we now call a typical non- 
thermal spectrum. A signif- 
icant point in the ultraviolet. 


of S(v) which is a factor 1000 


was computed by WOLTJER: 


Fig6. . — Combined radio and optical spectrum of the from the maximum amount — 


inner part of the Crab nebula. [From L. WOLTJER: of ionizing radiation that 
Bull. Astron. Nether., 14, 39, no. 483 (1958)]. reaches the shell. Fig. 6, 


| which may be considered 
as an extension of Fig. 4, shows all of these data. 


SKLOVSKIJ suggested that synehrotron radiation is responsible for both 
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radio and the optical spectrum. A crucial test would be the optical polari- 
zation. This test was made in Russia, then in Leiden, then at Mount Palomar. 
Nearly 100% linear polarization was found in many places. The most de- 
tailed map of the optical polarization has been made by WOLTJER from Pa- 
lomar plates. Fig. 7 shows this map printed on the reproduction of a Palomar 
photograph of the inner part of the Crab nebula taken without polarization 
filter. 


The radio observations of the Crab nebula presumably all refer to the» 


inner part, as the shell emission must be negligible. The radio polarization is 
absent or small in the meter waves. Probably it is cancelled by the Faraday 
effect. A small percentage (7%) has recently been found at A= 3 cm. 

The radio size of the Crab nebula has been measured in Dwingeloo and 
elsewhere by employing occultations by the moon. The full sizes, obtained 
by optical and radio observations, are about equal, but the light has a marked 
concentration towards the centre whereas the radio brightness fills the nebula 
more homogeneously. 


11. — Synchrotron radiation and energy spectrum. 


Before we review the attempts to explain these highly intriguing properties 
of the Crab nebula, two subjects of a more physical character have to be 
discussed in this section and the next one. 

From Section 8 we know the emission spectrum of mono-energetic electrons. 
Now, if the energy distribution is given by 


N(E)dE = KE ”dE, 


then the spectrum emission per unit volume found by elementary integration 
over all energies is 


e(v) = constx H*%*!y 1-0 constx H°#!y7*, 


TI n î 1 N "i ‘ 4 . . . . | 
lhe precise expression for the constant is irrelevant to us. But it is important 


to note that the expressions 


a=#y—1), y=2x+1 


give a direct relation between the exponent of the energy spectrum, y, and 
the exponent of the radio spectrum, «. l 
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Some actual values may illustrate this relation: 


od y 
ae [ radio light 0.35 Ihe 

| ultra-violet light 1.5 4.0 
Galaxy, non-thermal radiation 0.65 2.3 
Cosmic rays | da PE ae 

| hard = 2.5--3.0 


12. — Force-free fields. 


Definition: a force-free field is a magnetic field with the current parallel 
to the field, i.e., a field in which the Lorentz force is zero: 


Bx curl B — 0. 


The trend of astrophysical research in recent years is to consider force-free 
fields of great importance in the explanation of cosmical phenomena. The 
initial argument put forward by List and SCHLUTER was mainly intuitive: 
any situation in which a tenuous gas carries a strong magnetic field, so that 
the inertial forces and gas pressure gradients are smaller by order of magnitude 
than the gradients of magnetic pressure, can be maintained only if the magnetic 
force vanishes, or nearly vanishes. Very recently WOLTJER and CHANDRA- 
SEKHAR have derived a number of exact theorems, showing indeed the unique 
importance of force-free fields for certain equilibrium configurations. We shall 
very briefly summarize the basic properties. 

There exist three possibilities to realize a force-free field: 


trivial case: curl B= 0, 
simple case: curl B = «B (x = constant), 
general case: curl B = aB (x depends on the position). 


The simplest example is à field expressed in rectangular co-ordinates, in 
which at any level, <= constant, the field is homogeneous and parallel to 
the steps of a winding stair case: 


H,= C08 a, H, = sin az, H,=0. 


A similarly simple example in cylindrical co-ordinates was given by LUND- 
quist. The lines of force are helices with pitch decreasing with increasing 
radius. These examples are force-free fields with a = constant and so is the 
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set of solutions in spherical co-ordinates first given by LÜST and SCHLUTER. 
At present also the complete solution for constant « in spherical co-ordinates 
is known. No examples have been worked out in which « is a function of 
position. 
Theorems on boundary conditions: 
1) If we require the absence of currents outside the volume V, and 
B-0 at infinity, a fully force-free field is impossible. 


2) A force-free field can be contained within a volume V by a surface 
current on the surface S enclosing V, in such a manner that no currents flow 
outside V and B—0 at infinity. 

Theorems of L. WOLTJER: 

1) The force-free fields with «= constant are among the fields with 
maximum magnetic energy if H?dV for a given mean square current density 
J|cur B|dV. 

2) The force-free fields with x= constant are among the fields with 
minimum ohmic dissipation for a given magnetic energy (and o = constant). 

3) Force-free fields with constant x represent the state of lowest mag- 
netic energy in a closed system. 

4) Hydromagnetic equilibrium in the absence of fluid motions requires 
a force-free field with constant «. 

These theorems are mentioned here for their intrinsic interest but it should 
be clear that a proper understanding cannot be gained from these brief for- 
mulations. The reader is invited to consult the original papers. Whereas - 
theorems (1) and (2) derived by CHANDRASEKHAR and WoLTJER lead to the 
equation 

curl (curl B — «B) = 0, x = constant, 


theorems (3) and (4) give the more restricted result 


cul B— «B=0, x = constant. 
The condition «= constant, first introduced merely for mathematical simpli- 
city now follows from physical considerations. | 
13. — The magnetic field of the Crab nebula. 


Let us first make an order-of-magnitude estimate of the field strength. 
Suppose we wish to consider electron acceleration only at the explosion, 
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1000 years ago. Then the decay time (from Section 8) is 
t— 3-10HH 12>3:10". 
The electrons giving optical radiation have 


y 10 10.48 = 1.510". 


H°E < 10“ H <10-* gauss 
which gives . 


So 


PAG Bea 10% eV 


Tt is estimated that the actual values lie close to these limits. Assuming H 
much larger gives a short life time. Oort and WALRAVEN have made com- 
putations with H =10-*G, and have taken account of the gradual losses of 
energetic electrons during the 1000 years. WoLTJER has also taken H some- 
what higher, H = 3-10-*G, but he introduces an acceleration mechanism that 
at the present time is still strong enough to overcome the radiation losses of 
all electrons with E <10!° eV. Some evidence for the operation of such an 
acceleration is in the moving ripples near the centre observed on photographs 
by BaADE. On the other hand, to make H even lower would require even more 
energetic electrons, and would give trouble with the interstellar fields, which 
are estimated to be of the order of 1075 G. 

We now consider the problem of the different sizes obtained by radio and 
optical measurement of the nebula. There are two alternatives: 


a) The energy spectrum isthe same through the nebula. The magnetic field 
in the outer parts is so weak that optical frequencies are not measured there. 


b) The magnetic field is the same through the nebula. The energy 
spectrum of relativistic electrons is different in different parts of the nebula 
in this sense, that the cut-off energy is lower in the outer part. WOLTJER 
shows that possibility b) is in better agreement with the colour observations. 


A further problem of great interest is the geometry of the magnetic field, 
WOLTJER supposes that it resembles the lowest model of force-free field that 
can be contained in a sphere. Some support to this idea is given by the large 
scale symmetry in the polarization measurements, with an S-shaped twist. 
The net polarization to be expected in such a field, which has a different di- 
~ yection in different volume elements along the line of sight, comes to the right 
order of 20%. The surface current needed is identified with the filamentary 
shell. Unlike the inner part, the shell is indeed massive enough to take up 
the outward Lorentz force. In spite of the impression from a photograph in 
continuous light, the nebula as @ whole must be pictured as a rather empty 
shell. The well-defined filaments in the shell probably are current channels 


contracted by pinch effect. 
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Having gone so far into the interpretation of the Crab nebula we encounter 
new intriguing problems. 

Where does the magnetic field come from? Where do the relativistic elec- 
trons come from? These questions have been very much in discussion and 
have not really been settled. The best work is probably that of WOLTJER, 
who has proposed that the magnetic field has resulted from some dynamo 
mechanism in early years after the explosion, and that electrons are produced 
by radioactive decay of the debris of the supernova explosion. Certain other 
ideas have been put forward by PIDDINGTON and by the Russians. 


IV. — Interstellar Matter in our Vicinity. 


14. — Temperature of the interstellar gas. 


Interstellar matter has been studied for half a century, but most of this 
time only a relatively small vicinity of the sun (r<1 or 2 kpc) could be 
observed. And still, our most detailed observations and computations refer 
to this particular region of the galactic disk. 

The first problem is the temperature. There is absolutely no reason why 
there should be thermodynamical equilibrium in interstellar space. Instead 
of a furnace with walls all at the same temperature we roughly have: 


1014 part of wall has 7 & 10! °K (stellar disks) 


rest part of wall has Tx 0 °K (interspace). 


Before talking about a temperature at all we should first make plausible 
that the degrees of freedom of a certain subsystem have so many mutual 
interactions that within it a temperature can be defined. We then have to 
count patiently all gains and losses of energy to find the temperature of this 
subsystem in the stationary situation. Table IV gives three examples (tempe- 
ratures all in degrees Kelvin). The values in this table are (with some changes) 
taken from SPITZER’s work. 

The only comment to be made to the first line of this table is that actual 
dust particles in space probably are poor infrared radiators, because they are 
so small. They may have 7=10 °K or 20 °K. 

Further it should never be assumed that excitation or ionization tempe- 
ratures are anywhere near the computed kinetic temperatures. Saha’s law 
just does not hold. Instead, we should equate the number of ionizations and 
recombinations, which may occur by different processes. The same remark 
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‘for exactly the same reasons has been made earlier in this course for the ioni- 
zation equilibrium in the corona and in Zeta. 


TaBLe IV. — Temperature equilibrium of interstellar matter. 
= — = e — = 
Subsystem Gains Losses Te Fos | 
tion time) 
Black | internal degrees of | absorption of visual emission of a — 
test body| freedom radiation infrared rad. 
random motions of | 
Gas electrons, protons | ionization of excitation of | 
in HII | and atoms (equi- | H-atoms by O+ and O++ |10000° 104) 
region | partition within 1 | UV radiation ions by elec- years | 
month) trons | 
budget: 10-24 erg/sem® (n,=1em-*) | 
| 
Gas | random motion of | ionization of excitation of 107 | 
in HI | electrons, ions and | C atoms, heating low levels by | 125° years | 
region | atoms (similar) by cloud collisions ' electrons | 
budget: 10-#erg/sem® (ng = 1em?) | 


The basic reason for the existence of H IT and HI regions is that the ultra- 
violet quanta (from hot stars) that are large enough to ionize hydrogen are 
exhausted by absorption before they reach certain volumes of space which, 
consequently, remain neutral. Only the longer-wave radiation can penetrate 
into these H I regions and can still ionize © and a few other elements of low 
ionization potential, which, however, are less abundant than H by a factor 10*. 
This means that a volume of H II gets and spends in its yearly energy budget 
about 104 times what the same volume of HI gets and spends. 

Initially, SPITZER arrived at 50 degrees as the most probable value for H I. 
But the 21cm wave length observations showed 125° as the better value. 
So a new source of heating had to be found, for which collisions between clouds 
are now held responsible. 

The relaxation times, computed as the ratio of energy content to energy 
budget, are still relatively small compared to times of evolution. So the sta- 
tionary case may be well approached, except for HI regions where heating 
They may resemble a man with many rich aunts 
money at irregular 


may come by sudden jerks. 
and uncles who does not keep a regular budget but inherits 
intervals and then spends most of it fast and the rest gradually. 

The most important consequence of the factor 100 in temperature between 
HII and HI region is the large pressure differences which are set up. 

Let us for a moment call the smothed-out density and temperature of HI 


regrons, as observed at 21 em, the «normal » state of the interstellar gas. Then, 
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by order of magnitude, n=1, T=10?, nT=10°. If a new star is formed 
inside such a region, the star will reach the stage of evolution where it begins 
to emit quanta ionizing the hydrogen. They tend to form an H II region 
with n=1, T=104, and nT=10'. But this situation is highly instable. The 
strong pressure of the hot gas will compress the cold gas and try to change 
it into an equal pressure gas with n=10?, T—10? and nT— 10". Naturally 
such an end condition is not reached, but, instead the HI regions start to 
expand and break up into smaller, somewhat compressed units. There is good 
support, both in the observed motions and in the photographed forms of emis- 
sion nebulae that this picture is correct in broad lines. It also gives a natural 
explanation of why the clouds are continuously formed again. It seems that 
these events provide the basic process by which nuclear energy (in the hot 
star) may be fed directly into the motions of the interstellar clouds. At the 
same time, conditions in the compressed H I regions may be favorable for the 
formation of even more new stars. 


Observational checks: All of this is mainly theory based on difficult esti- 
mates of cross-sections, densities, etc. It has taken several years before the 
temperature computations of SPITZER were taken quite seriously by himself 
and by other astronomers. Now there are several observations confirming at 
least in general lines the correctness of the theoretical picture derived above. 

In the denser than average H II regions a direct temperature determi- 
nation may be made from line intensity ratios of O III and other ions. Also 
the radio brightness of nearby H II regions at 3.5 meter (optically thick) comes 
in the correct order. The much smaller value for H I regions has been inferred 
from the saturation value of line intensity in certain regions. It may be noted 
that, if no absorption or self-absorption occurs, the temperature does not come 
into the formula for the intensity of the 21 em line. Finally, the existence 
of expanding cloud complexes and of expanding associations of stars lends 
greater claim of reality to the idea of expanding H II-regions. The pheno- 
mena are extremely complex and still very imperfectly understood. 


15. — Motions in the interstellar gas. 


One might think: why not use Doppler broadening to measure the tempe- 
rature? The answer is that the thermal motions are relatively small compared 
to the fluid velocities or cloud velocities. The usual statistical studies of the 
Cat and Na absorption lines and of H emission line at 21 em all give 5 to 
8 km/s for the root mean square velocity component in the line of sight. The 
widths of individual components in Cat give somewhat lower values (3 to 4 km/s) 
but the resolution is uncertain. The finest data are from the H line in absorp- 
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tion in four bright radio sources. There the value is (1.2 --1.9) km/s, corres- 
ponding to T= 200° to 400°, if the motion is interpreted as thermal motion. 
This beautifully confirms the low temperature of H I regions but as seen above, 
it is likely that the real temperature is of the order of 125°, or in places still 

“lower. All further motions have to be interpreted as fluid motions. 

As it is quite common to see separate displaced components of the absorp- 
tion lines, both in Cat and in H, the fluid motions may be interpreted as sepa- — 
rate clouds moving with their own speeds. The sizes of these clouds are still 
a matter of some debate. Ordinary estimates are (10--30) pe. All of these 
data refer again to the galactic disk in our vicinity. 

What keeps these clouds going and what determines their peculiar shapes? 
If left alone, they would run into each other and gradually disperse. Much 
thought has been devoted to this question. I shall postpone a review of this 
subject until we have seen more of the magnetic fields and spiral arms. 


16. — Interstellar magnetic fields. Observational evidence. 


How can we measure or detect a magnetic field in an inaccessible place? 
Some possibilities in a roughly decreasing order of directness of proof are: 
A) Zeeman effect (as in sunspots), 
B) Polarization of synchrotron radiation (as in Crab nebula), 
C) Forms suggesting lines of force (as in corona of sun), 
D) Birefringence (radio circular birefringence = Faraday effect), 
E) Dichroism (optical linear dichroism — interstellar polarization), 
) 


F) Phenomena for which we cannot find any other explanation. 


For the interstellar gas, A and B have not yet been measured but probably 
are within the range of present observing techniques. On C there is little 
evidence except for planetary nebulae, which sometimes have very peculiar 
shapes. Also D is unobserved but it will bother us very much in trying to 
measure B. Under F fall the, historically oldest, arguments on the existence 
of magnetic fields to keep the cosmic rays within the Galaxy. They are dis- 
cussed in the lecture by Dr. DAVIS. Altogether, the present situation, except 
for effect E, is one of very scarce evidence. I shall now discuss two points 
in somewhat greater detail. 


Interstellar polarization. — It was discovered by accident in 1949 that distant 
stars have linearly polarized light. The effect is clearly correlated with the 
extinction by interstellar dust and must be interpreted as a difference in the 
numerical extinction value for different directions of polarization. Such an 
effect can, in principle, be caused by non-spherical dust grains oriented in a 
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magnetic field. I shall entirely skip the possible theories both for the dynamics 
of the orientation effect and for the optics of the resulting polarization. We 
just assume on the basis of these theories that the following three directions 
coincide: 

direction of maximum electric vector of observed light, 

preferred direction of minimum axis of grains (as projected on sky), 

direction of magnetic field (as projected on sky). 


So far several thousand stars have been observed. This means that we have 
maps of the projected field lines. Two rather different samples are illustrated 
in Fig. 8. Generally, the 
field is fairly regular on a 
large scale and by no 
means turbulent with a 
small scale of 10 pe or so. 
More particularly, it ap- 
pears to be parallel to 
the galactic plane in the 
fields where the alignment 
> Galactic Longitude is good. For example, 

95 90 85 80 75 near /—90° (Fig. 8-A) itis 
very well aligned with de- 
viation angles of 5° only. 
At other longitudes (Fig. 
8-B) it is highly erratic. 
It has been claimed, 
first by CHANDRASEHKAR 
and FERMI, that this 
means that a spiral arm 
is a continuous tube of 
force. Some bulges in the 
lines of force then are 
due to the cloud motion 
Fig. 8. — Measured interstellar polarization in two inside. the arm. This 
fields. Top: longitudes 75°--95° with good alignment. would explain that in 
Bottom: longitudes 35°-:55° with poor alignment. looking sideways at the 
Each bar presents the direction of the electric vector arm the field would be 


and degree of polarization, with maximum values i imi 
| ; regular with a limite 
about 10%. [From W. A. HILrNER: Ap. Journ. ‘3 in the di 5 È 
Sebglo to ART play in the directions and 


in looking along the arm 


it would seem erratic. 
We shall return to the dynamics of this model in the last lecture. Right 


now I wish to state that the observational Support is present but weak. There 
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is a tendency of this sort but it is difficult to judge if it is general, also because 
in the neighbourhood of the Sun, to which these data refer, the map of the spiral 
arms is still fairly incomplete. On a still smaller scale there is plenty of evi- 
dence of connection with the structure of individual filamentary nebulae, e.g., in 

‘the Pleiades and in the North America nebula, which may again tend to 
mask the structure of the field on the scale of a spiral arm. 

Another promising attack on the galactic magnetic field are the attempts 
to measure the polarization of the continuous radioemission of the Galaxy. You 
have heard the theory. If the background is due to synchrotron radiation, 
it must be 100% polarized in any volume element. But the actual measu- 
rements made so far give a polarization less than 1%. This may be due to 


1) addition of thermal (unpolarized) radiation; this is negligible unless 
we are right near the galactic plane in a short wave lenghth. 


2) addition of emission in many elements along the line of sight and 
in the width of the beam, which have different directions of H. 


3) addition of radiation in many frequencies that suffer different Faraday 
effect. 


In spite of these drawbacks it is an exciting thought that perhaps the field 
has enough of a large scale to be measured. Table V gives an idea of the 
possibilities. 


| TaBLE V. — Specification of attempts to measure polarisation of galactic background. 
Beam | Band (MHz) | (MHz) Ti pT, p 
Razin (1956) 20° 0.4 — 1.2 200 woe 3°% 0.04? 
THomson (1957) 25° 4 160 400° = 40 200201 
DwINGELoo (plan) 2° 1 and 10 400 30°. 4 (+ 0.3) | (0:01) 


In the bottom line the accuracies that can perhaps be reached are indi- 


cated. The number of radians by which the plane of polarization is turned is 


p = 2.36 X10! 


NHicos@ , 
SII). 
v 


With 1— 500 pe=1.5-107, N=0.1, H cos 0 =10-, »—4:108, this gives 


| y= 220. So the precaution of taking Af/f =1/400 is very essential. 
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V. — The Interstellar Plasma Throughout the Galaxy. 


17. — Spiral arms. 


The mass of the Galaxy is estimated at 1011 solar masses, the total mass 
of the gas in it at 1.5-10° solar masses =1.5%. We have seen that the present 
motions of stars and gas in the disk are almost precisely motions in cir- 
cular orbits under the influence of gravitational forces only. This holds for 
distances to the center which are more than 3 kpe. The absence of systematic 
deviations from circular motions is illustrated by the fact that the direction 
of the center, derived from the study of differential motions in the solar neigh- 
bourhood coincides exactly with that derived from the space distribution of 
Population II stars. 

With the sun’s distance À, = 8.2 kpe from the center of the Galaxy and the 
sun’s velocity of 220 km/s, we find a revolution period of 2.3 -108 years, which 
makes more than 30 revolutions during the age of the Galaxy (8-10° years). 

In this disk are the spirals arms. They are primarily places of high gas 
concentration. In this gas new stars are formed continually, which make 
spiral arms conspicuous on photographs of other galaxies. The gravitational 
potential suffers very little distortion from the presence of a spiral arm. 

Our present knowledge about these arms is inconsistent. At one side we 
have made maps based on the hypothesis that each cloud of hydrogen atoms 
meves in a circular orbit governed by gravitation only. On the other hand 
we know that the spiral arms are first of all a phenomenon in the gas and may 
quite well be governed by forces or gas dynamics of magnetic fields. A further 
support of this view comes from the fact that the differential rotation in the 
absence of the other forces will wind up the arms beyond recognition in few 
revolutions. So we feel uncomfortable about these maps based on the 21 em 
data and should like to interpret them with more certainty. 

The first definite suggestion about magnetie fields in the spiral arms was 
made by CHANDRASEKHAR and FERMI. The spiral arms would form à long 
tube of force in which selfgravitation balances the sum of the pressures due 
to cloud motions and the magnetic field; this part of the theory seems not 
acceptable. Further, they suggested that local deviations in the lines of force 
by an average angle x would be caused by the gas motion with velocity ». 
If, for instance, we equate these values to the amplitudes in a standing 
hydromagnetic wave, we have 
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With the values (revised by SPITZER): v=7 km/s, «= 0.13 rad, 0= 2 -107*4 
g/cm3, this gives H = 2.6-10~° gauss. 

This theory ignores the differential rotation entirely. Also it does not tell 
us about any forces that might hold a spiral arm together lengthwise. There- 
fore, Mr. WENTZEL has tried at Leiden to make computations about a simple 
model in which we start with a magnetized, isolated cloud with diameter 
1 kpe, which is gradually drawn out into a spiral arm. The stretched lines of 
force then react back on the cloud and oppose further stretching but so far 
there is little indication that this effect is really important. 


48. — Expanding motion near the galactic nucleus. 


A quite unexpected discovery has come out of the 21 cm line measure- 
ments at Dwingeloo. At angles smaller than 25° from the galactic center the 
line profiles have very long but faint wings. It is as if a very strongly 
~ broadened line were added to the ordinary profile. This must be due to motion 
of the gases in the central region of the galaxy, where R is smaller than 
3kpe. Initially, these motions were interpreted as turbulent motion. With 
the new telescope more details were seen and it was soon discovered that 
one of the strongest details in it corresponds to an arm taking part in @ 
motion of rotation plus expansion. The expansion component is 53 km/s, 
as seen from the absorption line that this arm cuts out in the continuous 
spectrum of the source at the galactic center. At present, almost all the time 
during which the galactic center is above the horizon at Dwingeloo is devoted 
to a further study of this problem. It appears that expansion in this central 
region is a general phenomenon, which is not confined to one arm. We find 
absorption in the central source at all frequencies correspondiag to negative 
velocities (approach, 0 to — 150 km/s) but none at the corresponding positive 
velocities. 

So far, this motion is entirely unexplained. If the average velocity of 
expansion is 100 km/s, the travel time from 0 to 3 kpc is only 3-107 years. 
Under gravitational forces alone the material would soon fall back, but, since 
we do not see it fall back, it seems more likely that very strong non-gravitational 
forces are at work. But the supply of energy and of mass at the center then 
is a very severe problem; the average density of H in this region is of the order 
of 0.4 cm, i.e, about half of what it is further out. If there is no new 
supply of mass, for instance through the halo, the mass in the nuclear region 
would barely suffice for this process to go on through the age of the 
Galaxy. 
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19. — Halo theories. 


We have thought about the halo as containing relativistic electrons emitting 
the continuous radio noise. We need only N .— 10-12 cm-* if H= 107° gauss. 
A halo has also been observed around the Andromeda nebula giving the same 
order-of-magnitude estimates. This leaves the region virtually empty, just 
like the inside of the Crab nebula. However, the next question is if there cannot 
be a real (ordinary) ionized gas in this halo. There are some reasons in the ob- 
servations, notably in the continued existence of clouds to assume some kind 
of pressure equilibrium between the halo gas and the «normal gas ». SPITZER 
suggests that, for instance, n=10-4, T —106 °K, and n7°=-10*. There would be 
absolutely no way to observe this gas directly. On the less drastic assumptions, 
n=10-, T=104°K and n7=10? made by PIKELNER, there still should be a fair 
proportion of neutral H, which the observations do not seem to confirm. 
Moreover, in order to bring the gas with 7 =10* °K to high distances above the 
galactic plane, PIKELNER has to assume strong fluid motions of 100 km/s, in 
this gas. It is difficult to see how these motions can be prevented from 
degrading into thermal motion. 

Direct observations do not tell us anything about the magnetic field in the 
halo, except that it must be there to make synchrotron radiation possible. Now, 
it is interesting that the recent radio observations show that the non-thermal 
component of galactic radio-emission is not equally strong throughout the halo. 
There is a marked concentration to the disk so that the emission per unit 
volume near the disk may be about 10 times that at 2 — 10 kpc. From the 
spectral law: B~yv~*® and the theory given earlier we find that e~ NH}, 

This still leaves two possibilities: does H or N increase near the disk? 
GINZBURG has solved this dilemma by assuming that N~ AH. The field 
far up in the halo should then be about 4 of the field in the disk. The quali- 
tative ground for the assumption N ~ H may be found in the consideration 
that the electrons probably are accelerated or supplied in or near the disk, 
in a region of big H. The pitch of their orbits increases if they move to smaller 
H and, consequently, the number density drops. (This gives a decrease but 
not an exact law N ~ H.) 

Some considerations on the shape of the halo magnetie field must be made. 
Nothing about it is known. The few simplest suggestions that we might make 
do not work. Assume, e.g., a big ring current around the galactic system, 
yielding a poloidal field and any cosmic rays that are formed will move out- 
ward and escape from the galactic system. This leads to difficulties that will 
be discussed further by Dr. Davis. On the other hand, if we take mainly 
toroidal lines of force in the halo, parallel to the disk, and if in addition 
we think that the angles of pitch in a weak field are fairly strong, another 
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problem arises. In these circumstances, when looking into the halo, we should 
never see an electron moving into our direction. Hence we could never 
receive any syncrotron radiation at all from the polar caps, which is contrary 
to the observations. 


20. — Energy budget of the interstellar gas as a whole. 


Like the preceding subject, the magnetic fields in the halo, this question 
is intimately connected with the origin of the cosmic rays. So a complete 
discussion is noot needed at this time. 

The problem became acute when it was realized that the clouds will run 
into each other, be heated, and radiate the energy away, So that there is a severe 
loss from the kinetic energy of the interstellar medium. It was first believed 
that the differential rotation (galactic) could supply this by means of some 
turbulent phenomenon. It is now thought, however, that the supply of energy 
must come from the expanding H II region, i.e., from nuclear power. 

If this is correct, the budget would consist of one main source of loss (by 
collision between clouds) and one main source of income (the expanding H II re- 
gions). Both would amount to 108° erg/s over the entire Galaxy. However, the 
situation is far from clear. In some theories, cosmic rays account for even 
10% erg/s extracted from the gas motions, which is clearly impossible when 
there is no additional gain. There might well be further gains, because the 
expanding motion near the center gives us some reason to believe that there 

is a process, magnetic or otherwise, which feeds huge amounts of energy 
directly into the large-scale motion of the Galaxy. The kinetic energy carried 
away by the gas expanding from the center is estimated at 10% erg/s. A Si 
milar amount would be available if we could use up ten percent of the 
energy contained in the rotation of the interstellar gas. 
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INTERVENTI E DISCUSSIONI 


— L. S. GOLDSTEIN: 


By using different frequencies and measuring the corresponding ratios of the 
deflection, the Faraday effect may be eliminated entirely. 


—— H. C.. VAN DE HuLst: 


In principle this works well, but in order to measure anything at all we require 
a narrow bandwidth. 


— T. GoLp: 


The 3° for an interstellar black test body is badly known. The contribution of 
the stars in the galaxy is fairly well known, but extragalactie sources, especially for 
a long wavelength, are poorly known. Different cosmological theories give different 
results; the radiation of particles should be investigated in the laboratory. The uncer- 
tainty in temperature may amount to a faetor of 10. 


— H. C. van DE HuLsr: 


The most naive cosmological model of an euclidean space homogeneously filled 
with galaxies without red shift would give 10!4 times more radiation than we get from 
the galaxy. My impression is that as soon as red shift is introduced the extragalactie 
contribution becomes negligibly small, but other models might give other results. 


— L. BIERMANN: 


The computed energy density of the extragalactic space is about 10-2 times the 
interstellar energy density and this computation seems confirmed by observations 
made in France. It does not seem likely that the introduction of other cosmological 
models would change the extragalactic energy density by a factor of more than 100, 
so that the interstellar energy density will not change by more than a factor of 2. 


— B. LEHNERT: 


If the clouds have a magnetic field reaching outside them, would the collision be 
simply elastic without heating? 
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#- H. C. vAN DE HULST: 


There is no direct observational evidence for such collisions but theoretically they 
seem possible. 


a T. GOLD: 
With the new radio-observational techniques the Zeeman effect of the 21 cm line 
could be measured even if it is as small as TO see Gre 


— L. BIERMANN: 

It is known that there is a considerable exchange of mass between the stars and 
the gas and itis estimated that the loss of mass by the stars is about one solar mass per 
year for the whole galaxy. The figures for the gas density given by you are considerably 
lower than those adopted formerly. My problem is: can these exchanges of gas 
explain the apparent contradiction that the spiral arms should be young for one reason 
and old for an other? 


He C.-vAN DE HULST: 


There is little to say about this. OoRT once suggested that spiral arms might grow 
on one side and lose matter on the other, but this suggestion has never been worked out. 


— V. FERRARO: 


On the basis of the general motion of the gas, the toroidal component of the mag- 
netic field would be expected to be somewhat larger than the poloidal component. 


= EH. C, VAN DE HULST: 


So: in the disk, parallel to the disk. Would the dynamo theory also predict 
something about the field outside the disk? 


— V. FERRARO: 
The field would perhaps be weak, because the field is confined to the regions where 
there are generators. 


Hae. VAN DE HULSE: 
That would make it difficult to understand the non-thermal radiation. 


SUPPLEMENTO AL VOLUME XIII, SERIE X N. 5 1959 
(0) 
DEL NUOVO CIMENTO 30 Trimestre 


Propagation and Production 
of Electromagnetic Waves in a Plasma (*). 


R. GALLET 


National Bureau of Standards, Boulder Laboratories - Colorado 


Electromagnetic waves can be produced in a plasma either by thermal 
or non-thermal mechanisms. Thermal radiation emitted by a plasma is due 
primarily to the bremsstrahlung of the random motion. The theory for this 
is well developed and explains the solar thermal noise emitted by the photo- 
sphere as well as from the chromosphere and the corona. 

The non thermal mechanisms of emission of electromagnetic waves are of 
four types: 

a) Cerenkov mechanism. Relatively slow particles crossing a plasma 
can produce this type of radiation because a plasma is much more dispersive | 
than a common dielectric. The refractive index can then be very large and 
the phase velocity very small. Radiation of this type has never been observed 
neither in nature nor in the laboratory. ; 

b) Synchrotron mechanism. Radiation is produced in this case 
by high energy particles in a magnetic field. 

c) Travelling wave tube mechanism. If a beam of particles with 
velocity v moves in the presence of an electromagnetic wave of phase velo- 
city V,—v, then either the beam or the wave can increase its energy at # 
the expenses of the other. 


d) Shock waves mechanism. Shock waves may produce oscilla- 
tions which in turn will radiate. The efficiency of this mechanism is low. 
The mechanisms a) and b) involve motion of individual particles; mecha- 
nisms ¢) and d) involve instead collective motions. 
Natural plasmas emit mainly non-thermal radiation. With the exception 


of the radiation of the quiet sun which is of thermal type we have the following 
examples of non-thermal radiation: 


(*) Notes taken during the lectures and reorganized by the direction of the Course. 
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1) Radio bursts from the planet Jupiter. These bursts have the following 
interesting properties: 


a) They are quasi-monochromatic sources (bandwidth approx. 0.5 MHz) 


b) They are emitted in pulses of high energy (1015 ergs-pulse). For the emis- 
sion of the entire planet, the integrated average rate is roughly 1 pulse/s. 


c) They exhibit a high frequency cut-off at about 30 Hz. 


These radiations are certainly not due to lightning discharges since lightining 
shows a great range of frequency and does not have energy comparable to the 
Jupiter bursts. 


2) Solar bursts. — Al types of solar bursts that are already well observed 
are non-thermal emissions. Recently another important type of transient 
emission has been discovered by the group headed by DENISSE in Paris and has 
been called type IV bursts. It consists of the emission of an intense continuum 
(a very large band of frequencies between about 500 and 200 MHz) that appears 
after some strong solar flares. The duration of emission is of the order of one 
hour. Interferometric observations have shown that they take place far out 
above the solar surface, within the corona. From their polarization and other 
properties they show, they are believed to be due to synchrotron radiation 
from a steady cloud of very energetic particles. 


3) Galactie radio-emission. — Increasing evidence indicates that the 
general galactic radio emission by interstellar gas is non-thermal as indicated 
by observations on frequencies less than 50 MHz. For instance, at 9 MHz 
the equivalent temperature is 10° °K and at 1 MHz it is 105 °K. 


4) Aurorae. — Aurorae frequently emit electromagnetic radiation. 


The propagation of electromagnetic waves in a plasma can explain two 
new phenomena discovered only recently although the fundamental information 
concerning the first one is contained in the Appleton-Hartree equation which 
has been known for more than 25 years. These phenomena are: 


1) Whistlers. 
2) Very low frequency emission also known as VLF emission. 


Both are very low frequency phenomena; whistlers are trains of waves 
in the kHz range propagating along the earth’s magnetic field with high di- 
spersion and low velocity; VLF emission results from the mass motion of ionized 
clouds of particles in the outer ionosphere at 2 or 3 earth’s radii distance. 


A third application of the propagation theory of an electromagnetic wave 
in a plasma has a bearing on the problem of determining the properties of a 
dense laboratory plasma. In fact the electronic density and the electronic 
temperature of a dense plasma can be measured with microwaves whose fre- 
quency is lower than both the plasma frequency and the gyrofrequency. 
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I. — Propagation of Electromagnetic Waves in a Plasma. 


1. — General relations for continuous waves and for a wave packet. 


1) Homogeneous plasma. No refraction case. The refrac- 
tive index n is a function of the frequency ©, of the angle between the di- 
rection of the magnetic field field H and the direction of the phase propaga- 
tion 0, and of three parameters of the medium: the plasma frequency, the 
gyrofrequency and the collision frequency. Then we have: 


n= E(w, 0, We, 03); 


where w= 27f = angular frequency of the radio wave; 


0 = angle defined previously; 


eH : 
0, = 2nf, = Paci gyrofrequency of the electron in the magnetic field; 


H ArN ,e? 
2 wi = (Anf,)\ = parta = plasma frequency; 
Voh v = collision frequency; 
are e is given in esu, H in gauss. 


The following numerical relations for N, and f, are 
often useful: 


Fig. 1. H = magnetie 


field; U = group ve- fy =2.800-10°H Hz (H in gauss), 
locity; V,, = phase ve- 
locity. Ri 124 202, 5 


For the moment we will ignore the effects due to ions. This involves restric- 
ting our range to those frequencies where © is much greater than the ion-gyro- 
frequency. When the opposite restriction holds, hydromagnetic waves occur. 
If we consider a pulse (i.e. a wave-packet of plane parallel waves, limited in 
ee or in space extension) propagating in the direction 0, the group velocity 

is: 

U=5, 


where n’ is given by 
dn 


nanto— 
dw’ 


The direction of U is the direction of energy propagation. 
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The energy travels in a direction different from the direction of phase pro- 
pagation; we call this the ray direction. If « is the angle between the group 
velocity U and the phase velocity V»,, then tg « is given by 


atl dV;s I dn 
Von: GO ERO La 


tga = 


The wave packet travels in the ray direction with velocity % 
u =U seca. 


We define the group ray refractive index m’ as 


pri e ae 
m =—.= N COSa. 
U 


When these expressions for the direction of propagation of the energy are 
applied, we find for certain frequency ranges below the plasma and the gyro- 
frequency, that the direction of propagation of the energy is confined within 
a narrow cone centered on the lines of force of the magnetic field. Hence, for 
certain frequencies the lines of force may act as guides for the radiation. 


2) Inhomogeneous plasma. In an inhomogeneous plasma, both H 
and N will vary from point to point. Consequently there will be refraction. 
The refractive properties are given by the 


equation for the curvature (Fig. 2): y 
d 1 dV», 1/de CTD À phase 
DI: RA trajectory 
ds Vi dir ; ¥ 


N being the vector normal to the phase 
trajectory tangent to the wave front. Fig. 2. 


9. — General relationships between e, o, , %. 


Tf we have a plane, sinusoidal wave propagating in the direction of the 
x axis, in a plasma with absorption coefficient per unit length, x, and refractive 
index n, the wave is described by: 


E = E, exp [— ~] exp È ( — 1 : 
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This can be written in the form 


E = E, exp 


io (Ta), 


where m is the complex refractive index defined by 


m=n—W, 
where the absorption index g is 


This wave must be a solution of Maxwell’s equations; and consequently of 
the telegraphic equation: 


0? 4 CE 
vip — El E , Anop 


gigi te a eis 


This condition leads to the following equations (taking u=1) 


270 
2) a 2 == À = — 4 
Ww—g=e, ng = 
These may be solved for n and g, to obtain 


NE, EE 


œ? 


These equations give » and g as functions of o and e which in turn must 
be evaluated from a microscopic theory of the plasma. 
The following are some useful approximations: 


(1) 


ù SW ae 2n0\2 
a= =—|1—(——) |. 
n € EM 


For o=0; Vî,=e*/e which corresponds to 


n= =V£, the classical result. 
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VY, can also be written 


2) For o? >(e20?)/167? (the case of a strongly conducting medium) 


C 


PT (20/0)? © 


This shows that for w very small, V,, is proportional to ot. 


3. — Dispersion laws. 


In general o and e are functions of ©, which depend on the particular me- 
chanisms of interaction between the electric field of the wave, on the one hand, 
and the charges and fields of the medium on the other hand. 

For o we have the relationship for the conduction current 


j= 0Ë, 


o generally being a function of E may be considered to be independent of E 
for small field strengths. However o depends in an indirect way on the field 
strength since E influences the electron temperature 7, which is often much 
larger than the ion temperature T;, and o depends on Y.. 

In a gas, j is given by the equation 


jd = Mie Co + Noe Co, 


where 1 = ions, 
2 = electrons, 
Le) 


indicates average values. 


For n =Mm—=N and e =—@ = € 
j= nel Coy — C2) ° 


In general @., is much smaller than C., as we will show; so we ignore 
the ion conductivity and write for j 


j= ne Cos . 
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In order to show that C.,< C., we make use of the approximate equations | 


where y is the acceleration of the particles between collisions 


eE 
tari Mi, i 
and 7 is the collision time given by 
l 
T se er. 
a De ’ 


l being the mean free path, and © the average velocity. 
Using the kinetic theory relationship 


= 3kT 
Cia = 1,2 ‘ 


Mia 


Ca m,\# (T,\} 
— = = Le 
Ces = i) A 


The problem now is to obtain ©, as a function of £ using kinetic theory. | 
From an elementary statistical theory we obtain 


one obtains 


where D,, is the diffusion coefficient of electrons with respect to ions. 


al 
Da,=719, "-( 


8kT,\? 
3 È 


am 
The formula for o can be expressed as 


YA 


a 


(0) 


| 
‘ 
where v is the collision number; » is determined from the kinetic theory. i 
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When £ is sinusoidally time dependent (in the absence of an external mag- 
netic field) 


E = E, exp [iwt]. 


The solution of the Boltzmann equation gives for the average velocity à 
solution of the form 


©, = % exp [i(at + ¢)]- 


There we have a velocity in phase with the field, è, cos » which determines o, 
and a component in quadrature v, sin g which determines e. 
In this way, one obtains: 


2 2 

Op v Oy pile 
———— ; == and Mei ; 
w? + y? An w? + v? We Ai) 


cel 


or approximately, if g° < n°, 


We can also express x as 


il 
#01 (of)? 


x = 


where 


INTERVENTI E DISCUSSIONI 


— A. GILARDINI: 
Is the formula relating o with D, valid only ifthe distribution is Maxwellian ? 


— R. GALLET: 
No, it is a more general relationship. However the one relating o with 1/y is 
valid only for » constant. 


16 - Supplemento al Nuovo Cimento. — 
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II. — The Emission of Radio-Waves by the Planet Jupiter. 
An Enigma. 


1. — Introduction. 


The emission of radiation from Jupiter is certainly a plasma phenomenon, 
and this is the reason to present it in this series. The exact mechanism of 
emission is still unknown. However, the observations have shown that the 
emission consist of pulses, each one with a narrow frequency band-width. 
The band-width is of the order of 0.5 MHz which makes Af/f about 2.5%. 
Also the general spectrum of the emission is sharply limited towards a max- 
imum frequency of the order of 30 MHz. 

The discovery is due to BURKE and FRANKLIN of the Carnegie Institution 
in the year 1955. 

Soon after this discovery a systematic program of observations paralleling 
theoretical work was undertaken by the author at the National Bureau of 
Standards Boulder Lab. (Colorado), with the very valuable experimental help 
from K. BOWLES who designed the equipment and took a most active part 
in the observations. 

Research performed with two independent phase-switching interferometers 
observing simultaneously at 18 and 20 MHz have shown the main characteristics 
of the emission which will be discussed below. 

The purpose of the research were as follows: 


1) Nature of the emissions (intensity, spectrum, ete.). 
2) Localization of the sources on the planet. 
3) Determination of the rotational period of Jupiter. 


4) Studies of the Jovian ionosphere. 


2. — Main features of the planet Jupiter. 


The main features of the surface of the planet are well known from optical 


observations; the band structure and the red spot appears clearly on photo- 
graphs. . 
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Useful data are summarized below: 


— Diameter: 140000 km = 11X Earth’s diameter. 

— Distance: 5 astronomical units. 

— Rotational period: 9° 55” 40,632. 

— Mass: 300X Earth’s mass. 

— Density: 1.3 (very nearly that of the Sun). 

— Central pressure: 40-10 atmospheres. 

— Temperature of the visual surface: about 150 4e 

— Composition of the bulk: solid Hydrogen. 

— Composition of the atmosphere: mainly Hydrogen and perhaps 
Helium, plus CH, and NH; visible spectroscopically. 


The determination of the rotational period is a very complex problem 
because visual observations refer to the atmospheric cloud system and 
reveal currents of different speeds and time variations of the rotational period 
for a given current; even the most permanent visual feature, the red spot, 
presents a conspicuous long term variation in its period. Therefore the value 
of the period indicated above corresponds roughly to an average rotational 
period of the visible surface and is the conventional value, called the System II, 
adopted by the international ephemerides, but no object of the surface rotates 
which such a period. 

The equatorial regions move with a larger speed: their period is about 
955”. Both periods refer of course to the atmosphere of the planet since the 
solid bulk is masked by the clouds and is invisible to the observer. 

The precision of determination of a rotational period is rather high. A 
difference of one second in the rotation period relative to the adopted System II 
represents a longitude displacement of 8°,88 after one year. The object rotating 
with that period will present itself in the central meridian with nearly 15” 
difference with respect to the time computed in the System II. The radio emis- 
sion shows sharp peaks of activity, as a function of the longitude of the central 
meridian, as evidenced by the recurrence of the reception after an integral 
number of rotations. The system of these peaks, called longitude profile, is 
essentially maintained from one year to another. The best rotation period 
deduced from the recurrence is 9° 55" 29°,6; nearly 11 seconds shorter than 
the System II. After one year this corresponds to observations of the same 
peak 2° 45" before the time computed from the System IJ. The precision in 
the comparison of two longitude profiles one year apart is of the order of (4 =-5)% 
consequently using all the available radio observations, which extend over a 
period of 6 years, we are able to determine a rotational period with à precision 
of about 0.1 s. 
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Concerning the constitution of the planet, from the values of density and 
pressure given before we can infer that the main bulk of Jupiter must be com- 
posed of solid Hydrogen mixed with small quantities of other light elements. 
In the atmosphere we have spectroscopic evidence of the existence of the mole- 
cules CH, and NH,. The latter must be crystallized at the low temperature 
indicated. 

The temperature is obtained by different methods: infrared and centi- 
meter waves thermal radiation, thermodynamic computation for the pressure 
of equilibrium between the vapor and the crystals of CH, and NH; at the 
cloud level. The temperature has a value that differs seriously from that 
obtained considering thermal equilibrium with the solar radiation, which 
amounts to 103 °K. RAMSEY recently has discussed the constitution of the 
planet and arrived to the conclusion that the internal temperature may very 
well be as high as 10000 °K. 


3. — Characteristics of the radio emission. 


The observations on 18 MHz and 20 MHz have been performed during 
more than 2 years. Only in winter and at night the observations can be 
carried out satisfactory. In daytime the augmentation of ionization in 
our ionosphere and the increased rate of interference produces many difficulties 
(see Table I). 

The direction of the planet is well determined by the lobes of the inter- 
ferometer. 

The radiation of Jupiter appears to be composed of pulses each having a 
duration of two or three seconds; the reception period commences abruptly in 
both frequencies and lasts for a time which does not exceed two hours. 

The pulses exhibit a strong grouping tendency over periods of several mi- 
nutes, separated by quiet periods also of several minutes. High speed records 
resolving each pulse, made in the two frequencies simultaneously, have never 
shown a simultaneity in the bursts; no frequency drift has been observed and 
also the groups of pulses observed in both the frequencies differ considerably 
and are not necessarily simultaneous. 

A second type of burst has also been observed; their duration is of the 
order of few 1/100 of a second and its occurrence is very rare. 

On the average the activity is higher on 18 MHz than on 20 MHz. The 
ratio of percentage of time of observation when the radiation was received 
at 20 MHz and 18 MHz was 0.5 in 1956 and 0.6 in 1957. 

The peak energy of the pulses is about 10-2% W m-? Hz-1. The maximum 
observed value was 4-10-%, For comparison a typical value for a well de- 
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tectable radio source is 10-24 W m? Hz-1. A solar burst of 10-18 W m~ Hz"? 
is already a very strong event and is quite rare. 


TABLE 1. — Gross statistics of the synoptic record at National Bureau of Standard. 


Series 
sei : Notes 
2 « 1956 1947 
:2 
À 1 | Total recording time available |{20 MHz) 605h 30 DA + si 
expressed in hours 18 MHz 494h 590 
2 | Total recording time available f20 MHz 21926 21248 
expressed in degrees of | 18 MHz) 17909 1 sà 48 
longitude 
3| Number of observational 20 MHz 70 114 
nights during the period || 18 MHz 62 103 
4 | Efficiency : mean length in lon- || 20 MHz 3130 186° 
gitude observable per night 18 MHz| 289° 1450 
5 | Mean time duration in hours E a cia ong 
6 | Average number of opportu- |(o9 MHz 61.8 59.1 
nities to have each longitude | 18 MHz 50. 0 419 
in the central meridian 


7 | Middle date of the observa-| [20 MHz 13 Feb. - 14 Jan. 
tional period 18MHz| 16-17 Feb. - 14 Jan. 


8 | Weighted mean epoch (deter- {20 MHz 9 Feb. - 24 Jan. 
mined by emission) |18MHz| 16-17 Feb. - 26 Jan. 
B1|Percentage of time Jupiter is |{20 MHz 8.49 6.13 
emitting (18 MHz 16.94 10.6 
2 | Average Zurich sunspot num- |( 99 MHz 108 159 
ber during observational hones 111 158 
period 


Taking into account the distance of Jupiter, the amount of power received 
has to be multiplied by a factor of 25 for comparison with that from the sun. 
Therefore the power normally received from Jupiter is comparable with the 
strongest received from the sun and it is much more frequent. The total energy 
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per pulse at the planet in a bandwith of 0.5 MHz has a value of the order 
of 101° ergs. 

In order to establish a scale of energy let us compare the emission of 
Jupiter with some geophysical and man-made phenomena. 

The efficiency of the radio emission for all known natural phenomena 
—lightning, solar flare, explosions—is small, always less than 107°. Therefore 
if the efficiency for the conversion in radio waves at Jupiter is comparable, 
it is easy to see that the production of each pulse requires at least 10°° ergs. 
On the earth the only comparable phenomena of explosive nature are the big 
volcanic explosions, earthquakes and the H bomb (see Table IT). 


TABLE II. 
Man-made Geophysical 
«A» Bomb | Total energy in a lightning 
(20 kilotons TNT) 8 -10* erg discharge 2-10" erg 
«H» Bomb | Integrated radio energy from 
(5 megatons) 2,1 402% a lightning discharge | 2-10! 
«Z.E.T.A. » pulse IONI | Largest voleanic eruptions | 1024 
| 
| Largest earthquake | TO38 
| Atmospheric waves from Kra- | 
katoa explosion | 1034 
Kinetic total energy of atmos- | 
phere | 8-1027 


4. — Other important properties deduced from observations. 


41. Nature of the sources. — The comparison of longitude profiles from one 
year to another year not only furnishes a precise value of the rotation period 
as indicated above, but it gives also important information on the physical 
Structure of the giant planet. The fact that the sources are fixed, relative to 
each other in longitude, indicates that they are at the surface of the solid body. 
The permanency of their activity over several years is a very important cha- 
racteristic. The activity is fluctuating over periods of some days or weeks. 
The most active source was observed 50% of the available observation time over 
a period of several months in 1956 on the frequency of 18 MHz, when the 
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source was in the central meridian of the planet, a very high activity indeed. 
The true activity of the sources may even be larger because, as it will be 
indicated below, transmission effects in the ionosphere of Jupiter limit the 
reception time for purely geometrie reasons. 

From what has been said about the duration, intensity, narrow band-width 
spectrum of the radio pulses, it seems that the radiation mechanism, with its 
well defined frequency, involves some sort of plasma resonance, and some 
sort of explosion. The change of frequency from burst to burst indicates that 
the plasma involved is not of constant density. If shock waves were pro- 
duced high in the atmosphere and propagated within the ionosphere of Jupiter 
exciting radiation at the local plasma frequency, drift should be produced. 
This effect, which was expected by the author at the start of this work, has 
never been found. Therefore the best image which can be formed is that of 
a certain number of discrete regions exhibiting a sort of volcanic activity 
which produces extremely large shock waves. The shock fronts are re- 
sponsible for both the presence of the ionization and the production of ra- 
diation. 

Until now no valid correlation with phenomena observed visually has 
been obtained. 


42. Ionosphere of Jupiter. — It is not intended here to discuss this question 
in details. But strong evidence for the presence of the ionosphere and the 
measurements of its properties has been obtained from the following pheno- 
mena. 

The reception time during a given observation is always much smaller than 
one complete half rotation from Jupiter (nearly 5"), and its average duration 
is of the order of one hour, though quite variable. Generally the beginning and 
the end of the reception for a given source have a quite abrupt cut-off. The re- 
ception time is centered very close to the passage in the central meridian, and 
naturally it is the last property which permits to obtain a well defined longi- 
tudinal profile with sharp peaks as a function of longitude. Therefore the ra- 
diation is limited to a more or less open cone above the source which, because of 
the rotation of Jupiter, sweeps the space. The reception is possible only when the 
earth is inside the cone. Such a cone is well known in ionospheric propagation 
for waves of frequency greater than the ionospheric critical frequency. All 
the observations are compatible with this hypothesis. 

When solar activity increases the critical frequencies of the ionosphere 
increase also, and for a given frequency the angular aperture of the observed cone 
decreases, reducing the observing time on the earth. Such an effect has been 
found for both frequencies. From 1956 to 1957 the solar activity has increased 
considerably and the observed Jupiter’s activity, either for each particular 
source or for the total average activity, has been reduced to about 60%. More 
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over the theory shows that the effect should be less sensible for a higher 
frequency; the observed relative diminution at 20 MHz was significantly less 
than at 10 MHz as expected. 


The presence of a ionosphere gives the hope to be able to distinguish, 


by polarization measurements, the ordinary and extraordinary rays propa- 
gated through the ionosphere, and to obtain the difference of their critical 


frequencies. 


This quantity will give a direct and precise measurement of the magnetic 


field of Jupiter. It should be possible to measure this magnetic field at each 
separated source. Circular polarization of the radiation from Jupiter has already 
been observed. 


INTERVENTI E DISCUSSIONI 


C. DE JAGER 
Could not the bandwidth be smaller than 0.5 MHz? 


R. GALLET: 
No! Simultaneous observations over too wide a frequeney range can not be made 


with the apparatus employed, aerial dipole and a bandwidth of 0.4 MHz. When obser- 
vations are made within this band, a good parallelism is observed; but at an interval 
of 2MHz apart the correlation between pulses is zero. | 


to 


K. 0. KIEPENHEUER: 
Do you use an interferometer to lower the background noise? 


R. GALLET: 


Yes, and also to carry out a continuous observation. 


P. C. THONEMANN 


Is there any reason to believe that volcanie explosions on the earth give rise 
such à narrow bandwidth radiation? 


R. GALLET: 


Shock waves from explosions do emit some of the radio emissions which have been 


observed. I believe that the energy produced by volcanie eruptions is sufficient and 
of the type required and that some radio emission could be detected. I used for the 


phenomena observed on Jupiter the word «volcanic» in a general sense, owing to the 
lack of a better expression. 
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— C. M. BRAAMS: 


Can you give us an idea of the order of magnitude of the energy involved in 
atmospherie phenomena, such as may be produced by a hurricane? 


=~. GALLET: 

A sound question! Of course, it is difficult to make an accurate estimate, but the 
energy of one lightning flash is of the order of 1017 erg. In a very large thundercloud, 
over one or two hours at the rate of one pulse/s, the total energy spent is about 
1021 erg. In a large region like a hurricane perhaps it is as much as 10°? erg. Tam 
referring to the kinetic energy only; however the potential energy and heat energy may 
amount to one thousand times these values. 


— E. SCHATZMAN: . 

There are graphs by MAUNDERS which show that the Sun’s activity is localized. Would 
it be possible to derive a model for J upiter similar to those already derived for the 
Sun near the solar surface? 


— R. GALLET: 

We shall be able to tackle the problem experimentally. We know already that the 
pulses are circularly polarized, so we are certain we are observing a magnetic field on 
Jupiter. From the observation of irregularities in this field measured for the different 
sources and the variation in the rotational period, we may perhaps be able to deduce 
some information about the internal structure of Jupiter. I will not commit myself 
on these possibilities presently. 


MARFAN DE HULST: 


In the geophysical phenomena only lightning flashes have a short duration, while 
the others last longer. Does the small time constant observed not favour this explanation 
of the phenomenon on Jupiter? 


SRI GALLET: 


No! The spectrum is not that of a lightning discharge. The shape of the pulse is 
also not a simple one, such as presenting an exponential decay. On the other hand 
during volcanic eruptions the explosions are quite short, few seconds, similar to that 
observed. 


— V. FERRARO: 
Are radio waves produced when a terrestrial voleano explodes? 


— R. GALLET: 
I hope it will be possible to carry out experiments to test this question. 
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III. — On the emission of Electromagnetic Waves 
by Plasma Oscillations. 


The subject of this lecture concerns the problem of emission of electro- 
magnetic waves by plasma oscillations. We shall discuss two points, namely : 
1) Is the emission possible? and 
2) What is the coupling mechanism that permits it? 


It is normally accepted that the solar radio bursts are produced by such 
a mechanism. 


1. — Survey of the characteristics of solar radio emission. 


As a reference the flux of the « Quiet Sun » between 30 and 300 MHz is 
equivalent to that of a black body at an apparent temperature 7, of 10° °K, 
The following relation is given by van de Hulst: 


S - fpao; B = 2kT,y*/c? 
For the Sun dQ= 6.8-10-5 steradian, therefore 
S = 1.9-10-27,/A*. (MKS units). 


The following Table III of flux (W m~? Hz-1) is useful for comparison purposes. 


TABLE III. 

Source 300 MHz 100 MHz 30 MHz 
Quiet Sun 1.9-10-21 2,1: 10-22 1.9-10-23 
Crab Nebula = 1 -10-23 =» 

M. 31 (Andromeda) — 2 102 — 


The range of observation for the burst activity of the Sun extends from 
3000 MHz to 50 MHz. The maximum peak intensity received is somewhere 
near 100 MHz perhaps more nearly 80. 

The range of power flux is (10-22 — 1075) Wm-= Hz-1, a very large 
range indeed. 

Bursts of power 10-18 are quite rare and of 10-16 exceptional. Only one 
burst of a peak power greater than 10-15 was observed (Australia, 8 March 1947). 
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Few statistics of the number of bursts as a function of amplitude have been 
collected but they do not cover adequately the intensities larger than 107°. 

A burst of a peak power 10-16 W m-? Hz! gives at the Sun 7 -106 W Hz. 
The bandwidth, at a given moment, is quite narrow and may be (2--3) MHz 
near 100 MHz. Therefore the total instantaneous power will be (14--21)-101* W 
or about 102° erg radiated per second per pulse. The emissive surface may 
be of the order of 102-10:km —10'#cm?. Hence the emission is about 
100 erg s_! em??. 

For comparison the integrated thermal radiation of the Sun is: 


— Photosphere: 6.3 -10!° erg s_! cm?. 


— Total corona radiation: 6.3 -10* erg s_! cm’. 


So even the strongest burst at the Sun gives a radiated radio energy which 
is small compared to the normal radiation from the Sun. However, considering 
that radio emissiori takes place on a localized level, the energy emitted as radio 
waves becomes an important factor. Moreover one must assume a conversion 
factor smaller or of the order of 10-5 between the energy source (kinetic) and 
the radiation. The mechanical energy involved in the disturbance is consi- 
derable compared with the coronal radiation. 

The three different types of emission, on an energy scale, are summarized 
below: 


1) Quiet Sun (the lowest power). Purely thermal radiation due to free- 
free transitions. 


2) Slowly varying component (order of magnitude (10 --100) times that of 
the quiet Sun). Thermal radiation related to «plage» or Sun spot activity 
which heats up and augments the density of the corona. Also free-free transition 
emission. 


3) Bursts: 4 types have been recognized: 


Type I. Noise storm (circularly or elliptically polarized). A combination 
of small bursts (pips) plus enhancement of the continuum. Above «noisy » 
spots. Frequency range: about 50 MHz between 100 and 300 MHz. Pips 
observed at 160 MHz have a bandwith of about (2--3) MHz and last for about 
0.18. Average duration between pips during a typical noise storm was 0.25 8. 
The energy is less certain. Perhaps this is a phenomenon of instability due 
to plasma oscillations, but it is difficult to reconcile this idea with the fact 
that these pips exhibit high circular or elliptic polarization. 


Type II. Slow drifts. Range of frequency (40600) MHz, randomly 
polarized. 


Type III: Fast drift (few seconds). Randomly polarized. 
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Type IV. A very smooth continuum lasting for about one hour, cir- 
cularly polarized. Radiation probably due to synchrotron radiation by a cloud 
of relativistic particles, high in the solar corona. Quite exceptional after ex- 
ceptional flares. 


2. — Coupling mechanism between plasma oscillations and electromagnetic waves. 


Observations show the following main properties: a narrow frequency 
band, is received at a given time, while the band can be drifting in frequency 
as a function of time. Secondly they seem to support the idea that the fre- 
quency coincides with, or is very near to, the plasma frequency. 

A shock wave or a stream of particles seems to be able to excite and 
amplify plasma oscillations; however the detailed mechanism of this excitation 
will not be discussed now. 

We have to understand the manner in which electromagnetic waves can 
be radiated by the plasma oscillations. Therefore we should study the coupling 
mechanism between plasma oscillations and electromagnetic waves. 

Consider the structure of a longitu- 
dinal plasma oscillation. The oscillatory 
motion of the electrons is in the direction 
of propagation. In the presence of a 
weak magnetic field (Fig. 3), the longi- 
tudinal magnetic component does not 
affect the motion. The transverse mag- 
netic component, however, will produce 

Fig. 3. a perturbation normal to the direction 

of propagation and to the magnetic field. 

Therefore the electric motion produces a small electric vector with the 

properties necessary for the production of an electromagnetic wave. The mode 
of the propagation of this wave is the extraordinary transverse mode. 

However the existence of a transverse electric field is not sufficient to pro- 
duce a radiated electromagnetic wave. The electromagnetic wave can be built 
up only if a condition of coherence between the two waves is satisfied. The 
two waves should be in phase over an appreciable length /, extending over 
many wave lengths. Therefore the coupling will exist if it is possible to find 
a frequency for which the two waves will have the same wavelength. 

: When this assumption is made we see that the direction of the radiation 
will be confined to a narrow cone in the direction of propagation. In all other 
directions destructive interference takes place. 

Patter ii Ta: So that their phase velocity, Vire. is larger than, 
gnitude as, the root mean square thermal electron 


Direction of propagation 
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velocity « in the plasma. The dispersion law can be written in a form which 
defines a refractive index 4 such as 


U 
Vo.o. =p Ee 


The coupling condition is essentially 


Von =F £ = 
LE 2 
Bis always very small. Besides, 
u<1l; it is Oat, or near, w, 
and increases for 0>@,. In 
order to satisfy the above con- 
dition n should be large. 
Consider the dispersion law 
for electromagnetic waves in 
the case of a transverse mag- 
netic field. The refractive 
index n is represented in Fig. 4, 


for zero collision number. 05 bi »b b+V/o Vey, > 
The branch of interest in 10 15 A) 3.0 
the coupling problem is the pig. 4. - b= 1.5; 0 — 90%; ord = ordinary ray; 


transverse extraordinary wave, ext = extraordinary ray. 


need at O = pig 


nm=co at ow = (w* + wi). 


(col 


The law of dispersion of the plasma oscillations is less straightforward. 
Several formulae given by different authors have to be considered. 


a) Boum and GROSS give the following expression, valid only for @ 


near @,, 
si kT x 
EMI Mis 
e 
with 
27 Anne? 
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The dispersion is directly funetion of temperature. In this case 


The law is exactly the mathematical form of the refractive index of electro 
magnetic waves n for the ordinary ray. 


b) The more general formula given by GABOR is 


yey) 
Wp On Dp 

This formula is also given by M. Bayer. With refractive index w the- 
formula is equivalent to 


This expression is valid for © not limited to the neighborhood of w,. 
The inferior limit of © is ©, and the upper one is due to the fact that /,,,~D 
(Debye distance); this corresponds to @,, 20, Therefore plasma oscil- 
lations are possible only within a frequency band above w,, quite limited in 
frequency. 

The superiority of this new law appears when the group velocity is com- 
puted. With the first law the group velocity is such that 


Li sh a E 


Therefore the limiting value of the group velocity when © increases is w. 
But more detailed considerations, such as those developed by GABOR, show 
that the group velocity should go towards zero when © increases above 2@,; 


the energy cannot propagate for waves of wave length smaller than the Debye 
distance. 


c) These two laws however do not consider the effect of a magnetic 
field. For a small magnetic field (perturbation treatment) Boum and GROSS, 
as well as SEN, give the following dispersion law: 


i 3kT co 
wo? = 5 + wi a0 RAGE 

p Fe =, x | + mie 
or 


1 | ws + si 
e x 1 : 
œ? 
with b=a,/w,. 
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The law is general however; it is the extension of the first law valid only 
for © near the critical frequency. The refractive index y is zero for the critical 
frequency ©, = (0° +), where the refractive index n is infinite. 

It results that the two curves of refractive indices for electromagnetic waves 


and for plasma oscillations have no common frequency besides @,. Therefore 


the coupling condition u=nf is not fulfilled under such conditions. 

But the real physical conditions are more complex. 

The role of collisions upon the dispersion laws for electromagnetic waves 
and plasma oscillations has been neglected. In presence of collisions # is not 
infinite for w,, but has a maximum slightly before that frequency, has still 
a large value at m,, and keeps very small but finite values on the right. The 
absorption coefficient increases very rapidly near w,, and has a large maximum 
value after w,. For the plasma oscillations y is not zero any more at w, 
and keeps small but finite values on the left, with a large absorption coefficient. 
Therefore the frequency domains of the two types of waves overlap, and have 
the proper behavior to satisfy in general the coupling condition within a 
narrow band of frequency. Hence it is the collisions which are primarily res- 
ponsible for the positive effect searched. The collisions produce also a nega- 
tive effect by heavy absorption. 

It is seen that the efficency of the energy transfer will always be low. 
Moreover if the collision number becomes too large, not only the absorption 
becomes prohibitive but the maximum value for » does not attain values 
large enough for satisfying the coupling condition, and the energy transfer 
is suppressed. 

Last, but important, the dispersion laws considered above for plasma oscil- 
lations are valid only for a maxwellian electronic velocity distribution function. 
In the center of a shock front, where the conditions are favorable to excitation 
of plasma oscillation, the velocity distribution function is strongly different 
from the maxwellian one. This modifies considerably the dispersion law, which 
in general will extend on the left of w,, even without the effect of collisions. 
To the contrary the dispersion of electromagnetic waves is, to the first order, 
not affected by the shape of the velocity distribution function. 

In conclusion it is seen that coupling is in general possible for a narrow 
frequency band near w,,: The energy transfers is of low efficency, due to heavy 
absorption. The coupling is due primarily to the presence of a weak magnetic 
field, and is depending on collisions and departures of the velocity distribution 
function from the maxwellian one. 
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INTERVENTI E DISCUSSIONI 


Kite — C. DE JAGER: 
Does bandwidth agree with observations? 


— R. GALLET: 
Length has to be quite short. 


_ G. RIGHINI: 
What about the «u» bursts? 


i 


; a R. GALLET: 


I do not want to discuss these at present. They have a duration of a few secondi! 
and a bandwidth very similar to that of Type III bursts. 


de ivi 
A n 


. — ©. DE JAGER: 
What is the distinction between «u» bursts and Type III bursts? 


— R. GALLET: 


I do not believe that till now a good ata ‘of the «u» bursts Lasa been. 
| given. | Ma 
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SUPPLEMENTO AL VOLUME XIII, SERIE X N. 1, 1959 
DEL NUOVO CIMENTO 30 Trimestre 


Plasma Confinement by External Magnetic Fields. 


J. G. LINHART 


CERN P.S. Division — Genève 


It is generally appreciated that the practical utilization of power from 
thermonuclear reactions depends on the perfection of insulation of the thermo- 
nuclear fuel from all sinks of thermale nergy [1,2]. The most efficient method 
of achieving this is to confine the fuel, which at the temperatures suitable 
for fusion reactions appears in the form of a fully ionized gas, by strong mag- 
netic fields. These magnetic fields can be generated either by currents in the 
ionized gas itself [3], or by currents in conductors outside the gas [4] or by 
both [5]. 

In this lecture we shall be concerned with the confinement of plasma by 
magnetic fields generated by currents outside the plasma. 

Such a magnetic field configuration is often called a magnetic bottle. The 
loss of heat energy from plasma confined in such a bottle is mainly due to 


a) particle losses, 
b) bremsstrahlen and cyclotron radiation. 


The loss b) has been discussed elsewhere [6] and does not depend on the 
form of the magnetic bottle. 
The loss a) can be divided into two categories : 


a) particle loss due to plasma instabilities ; 


b) particle loss due to collisions between particles leading to plasma dif- 
fusion out of the magnetie bottle. 


We shall concentrate mainly on the diffusion loss through the holes in 
the magnetic bottle. We shall dévelop an approximate theory and apply it to 
two particularly simple magnetic bottles. (The diffusion loss at right angles 
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to the walls of a flux-tube is due mainly to electron-positive ion collisions and 


has been discussed elsewhere [7]). MI 
We shall discuss the results in connection with thermonuclear applications. 


I. — General Considerations. 


1. — Magnetic bottle containing hydrogen plasma. 


Let us consider a simple magnetic bottle formed by coaxial magnetic 
mirrors facing each other (Fig. 1) and containing hydrogen plasma. Let us 
assume that at time t= 0 the velocity 

RITI distribution of both electrons and pro- 

| the bottle tons is maxwellian with a temperature 

T. It can be shown that as the mag- 
netic moment of each particle is inva- 
riant between two successive collisions 


(1) = Const, 


where 0 is the angle between the velo- 
city vector v and the B-line belonging to the guiding centre of the particle. 
In absence of collisions particles for which 


(2) (sin? 0)._o < 


a 


will leak through the magnetic mirrors. Those for which 


(3) (sin? 0),_, > sin?« = b 


will remain within the bottle. 

One can, therefore, consider the plasma between two magnetic mirrors 
as a mixture of two gases. The first, say gas A, in which 
all the particles obey eq. (3) and are, therefore, fully confi- AB leah 
ned. The second, gas B, in which particles obey eq. (2). [sea] ae 
and, therefore, are not confined. re 

If collisions between particles occur, than the loss from Fig 
the magnetic bottle containing a mixture of A and B is 
determined by the magnitude of collision-induced transitions from A to B 
and B to A (Fig. 2). This interchange of particles between the gases 
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A and B can be represented by a diagram in the velocity space (Fig. 3). 


AB transitions gas À Noone (a 


cosa=(1-b yp 


Fig. 3. 


If the apex angle « is small then the probability that a large angle col- 
lision between two protons belonging to the gas A will result in transfer of 
one of them to the gas B is approximately (Fig. 4) 


__ surface of spherical sectors cut out by the cone C 
surface of a sphere S 


# 


x = Esin?«, 
and using eq. (3) one has 
(4) VAIO 


The factor b may be evaluated as follows 


4 Bs) 1) 
=). 


The transfer AB occurs, therefore, at a rate 


TRS 


where n, is the density of the gas A and 7 is the corresponding mean coh 


sion time. 
The gas A is, of course, composed of equal number of electrons and protons 


and we should, therefore work out separately 
dn,- dn,+ 


dé que dé 
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eq. (5) suggests, that the loss of protons from À is smaller than that of electrons. 
However, the actual loss of plasma from the magnetie bottle is determined by 
the loss of protons. The electrons are than held by the electric field of the 
protons. Thus 7 can be taken as the mean time between proton-proton col- 
lisions and this is [7, pag. 78]: 


HAS TS 
La Edna Sa 
With this eq. (5) becomes : 
dn 1nn 
(7) a ae Te (part/cm’, s). 


Also with our assumption that «<1 one has n, > n», and therefore n, n. 
Thus 
dn, 1 n?b 


STE (part/cm?, s). 


(7a) 
The loss of plasma is then given by eq. (7a). 
The corresponding loss of energy is 


dn A 


a 4° (erg/s) , 


(8) Waser 


Q 


_ where Q is the volume of the bottle. 


An average energy loss per cm? is 


(9) West 3 
oa" (erg/cm?, 8), 


and using the definition of b in terms of bottle-geometry one has 


3 , n°(R,\ 
(10a) Wo= z# À (7) (erg/cm?, 8) . 


The loss of A-particles due to small angle collisions is more severe than the 
large angle loss given by eq. (10). The effect of the small angle collisions 
is to produce a diffusion of particles on the surface of the sphere S. The 
boundary J’ of the loss cone 0 can be regarded as a sink of particles, the equator 


a 
es 
J 


PLASMA CONFINEMENT BY EXTERNAL MAGNETIC FIELDS 261 


of S will then be a locus of maximum density (Fig. 5). The flux of particles 
across J’ is then proportional to 


«Bia 


The energy loss can be shown to be equal to 


N 
Flutes 


The diffusion loss from the simple bottle discussed so far may be expected 
to be inferior to the loss due to flute-instability. This instability will occur 
in magnetic bottles in which 


ds 
(11) | Set 


s 


where the integration is along a field line through the bottle and R, is the 
radius of curvature of the flux line. 

An example of magnetic bottle which, 
according to this criterion, should not exhibit 
a flute-instability is a quadrupole magnetic 
field (Fig. 6). The diffusion loss should then 
be the only appreciable particle loss from a 
plasma confined in such a bottle. 

There are three holes in the quadrupole 
bottle. It is obvious that the large aperture 
of the central cylindrical gap @ will permit 
the largest leak. One can again solve the 

Fig. 6. problem of loss by the approximate method 
of the two-gas model. 

The allocation of velocity space to the gases A and B is asymmetric if 
bar&.B,. 

It can be shown that 


(12) 


where B,, respectively B,, are the field strengths in the axial aperture and in 
the gap respectively. 
In order that B, = B, one must make 
o 
(12a) D TS (7) ) 
which encounters technological difficulties DR Le 
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Also the apex angle of the cone C dividing the velocity space changes from 
zero for the rectangular field-line S, to some finite value for the field line #; 
tangential to the coils. Along any flux-tube between S, and S, one encounters 
a field minimum B An approximate expression for an average value for 


min * 


Boa is 
st ariB, To : 
(13) Baad a(R/2)? 4 te 7 
and we get for 
a Bae To a Rg g 
De = : — 4, 
i) Baie (3) CR 


Jith this the loss of energy from a em? of the confined plasma is found 
in the same way as in the case of a simple bottle and it is 


à e VE g Id 
(13) Wy = Wo + Wo — n k Ti | 4 - (tn A | (erg/cm?, 8) A 


2. — Conclusions. 


In order that the magnetic bottles described here could be used to con- 
fine plasma in thermonuclear reactors, the energy loss given by equations (10a,b) 
and (15) must be appreciably less than the nuclear output [2]. For the TD 
reaction running at a temperature 7 ~ 10° (°K) one has for the output power 
density [1] 


(16) Wy = EN Onda E (erg/cm?, 8), 
where 
(CUS 1038 (cm/s) | cie +. 104 (erg) o) 
Therefore 
(16a) Wy = }-n3-10-29 (erg/cm?,'s) . 


Let us form a ration between the nuclear output density and the energy loss 
density for the quadrupole bottle of Fig. 6. Thus 


(17) La = 
Wo 
Using eq. (15) one gets 


(18) +) 
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Thus at these very high temperatures the energy loss due to particle dif- 
fusion is small compared with the nuclear output. 

It thus appears that magnetic bottles with holes can be considered as means 
of plasma confinement for thermonuclear processes provided the plasma con- 
finement is a stable one. 


TI. — The Problem of Runaway Electrons in Plasma. 


We shall analyse some of the more important effects resulting from the 
application of an electric field E to an infinite volume of uniform plasma. 
As the electrons have a much smaller mass than the 
positive ions their velocity will be affected by the field 
E much more than that of the ions. Let us observe 
the motion of a single electron through plasma. Its 
equation of motion is 


(1) mb = cE = F,—E,, 


ROSIE 


where 7, is the friction force due to collisions with 

electrons, #, is the friction force due to collisions with positive ions. 
These two forces are velocity-dependent as shown in Fig. 7. 
They can be represented by the following formulae (1)-(3): 


; 2kT, 
| BP, = 804%, tor o> | = Sas 
(2) 
Fe S19 An, =; for v< 8, 
S3 
ie ae 
1 
| P,= 194n,— 10:07 
S5 
where 
mem 
ant 


The force F, is not a true friction force as it causes a deflection of the velo- 
city vector, rather than diminishing its magnitude. 
The criterion for decoupling an electron in the velocity space follows from 
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equation (1) and it is at time t= 0, 


= = 5 
EUR. (4) cH>(F.+Fp)cosp and © [eH -—(#.+ #,) cosy] >0. 


7 “i where y is the angle between v and E (Fig. 8). Let us consider the case in 
h: it which v> 8S, and n,~n,=n and let us evaluate equa- 
“e tion: (4). fordo, =S,,0,= 0, 
e: ,@mA n 
3 ; (5) EHS 12 SARI T. (V/em), 
Py 
be È or taking In A ~ 10 
4 N, vd n T 
MR (6) (*) H> 4.5-10-* 7 (V/cm) . 
ae : e 


Example: n= 10! el./em’, T,=104°K > E> 4.5 V/em. 

This electric field is then capable of decoupling electrons whose representa- 
tive points in velocity spacelie above the contour C (Fig. 9). 

Let us now calculate the portion An of n which is de- 
coupled by a given field Æ. This is 


(7) An | | N(0,0,) 2700, dv, dx , 


Vy =V Vy=0 


Fig. 9. 


where v follows from equation (5). Assuming that n(v,v,) Was originally max- 
wellian one gets 


9 o œ 
(7a) An = e ee [(— v2 — 203)/82]0,d0,dv, . | 
v U 


The double integral can be written as follows: 


LAT RPS e i. 
Ce 


ao foe] 


2 
} Se fexp (-S) | | exp 


0 CPU 


(*) A similar formula is derived by considering the growth of the mean free path 
of an electron due to the acceleration (eE/m) (see Appendix I). 


4 
a 
“ 
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A slightly optimistic estimate of » is obtained if v(v,) = (0) =v. ‘Then 


oo 


Pea ve È @ (8) i Je [— æ]dæ = S$ El: (2 (8) ; 


0 


where g(v/8) is an error function (*). 
As 


one gets 


. SLI 


where Æ, follows from equation (6). 

The graph of this function is plotted in Fig. 10. 

The decoupling process will be well established within a time equal to à 
few mean collision times for the electrons. As 


the mean collision time is ne 

1 T4 dat 
(9) leo 40 x (8), 0.2 

01 0.08 
the decoupling time is of the order of A 
7 1 145 Oe 

; 173 
(9a) ba fas, (8). Fig. 10. 


Example: n—10%, T,=104°K >t,~ 1/10 ps. 
The length of the decoupling time corresponds to a certain spread in 
velocity Av of the decoupled electron stream. This is 


(9b) Av~ a i. (em/s) . 


Using equations (6) and (11) one gets 


(Qc) ‘ù —0.4-107VT, (cm/s) . 


(*) The value of / is not critically dependent on the form of the contour C. 
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In most cases T,— 104 and therefore 
(9d) Av~+#-10® cm/s. 


This corresponds to an electron energy of 70 eV or a kinetic temperature of 
5-105 °K. 

Owing to collisions the velocity distribution of those electrons that did 
not run away will not remain cut off by the curve C as shown in Fig. 9; these 
electrons will cross the boundary 0 and they too will be decoupled by the 
field Z. 


ATPP.ENDIXI. 


The mean free path approach to the problem of runaway electrons. 


The expression for the mean free path of an electron in plasma is given by 


(mv?)? 


~ zen In A fins 


The velocity which the electron acquires in an electric field E is 
ve — (em/s). 


The length of path traversed due to this accelerated motion is 

e = vi (em). 
It is evident that the mean free path of an electron in accelerated motion 
grows as t*, whereas the path actually traversed only as #. If, therefore, an 


average particle does not suffer a collision before A/a reaches unity it will not 
be involved in a collision at any time after that. Thus 


from which 


If this ¢ is shorter than 


Mm bi 
boon ~ 0.03 VINILI 


ein 
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4 


then the electrons will be decoupled. The decoupling field E, follows from 


e L t = boot 9 
and it is 


E,~ 3.8 1087 (V/em) . 


III - Plasma Wave Guides. 


1. — Wave equation. 


We shall now derive the wave equation of electromagnetic oscillations on 
a cylinder of plasma and apply this to three different confinements of 
such a cylindrical plasma by magnetic fields. These are (Hig. 11.)): 


a) B,1, pinch in which (e/me)B.,>w,. 
b) I, B, pinch. 


c) A combined B,1, and 7,,B, pinch. 


At the end of each of these paragraphs we shall briefly 
discuss the application of the corresponding confinement . Fig. IT. 
for radiation compression. 

The general wave equation describing harmonic electromagnetic oscillations 
in a current carrying medium is 


2 1 
(1) curl curl EE = — Aaj Gi. 


If this medium is plasma the currents at microwave frequencies are due 
almost completely to the electron motion. Let us use, therefore, the equation 
of motion for the electron gas component of the plasma. This is [3] 


3 OV e 
(2) ot Me 


1 
(cE + Vx B) — Ha grad p,. 


We shall assume that the ordered velocity of the electrons is larger than 
the mean thermal speed and, that the h.f. component of the B field is small 
compared to the steady field. In this case the pressure term in equation (2) 
can be neglected. Multiplying ed. (2) by — en we get an equation for the 
current density i = — enV 


(2a) = — E ix B. 
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Let us use the following symbols 


lAne?n 
Wp = Il PTE plasma frequency , 


e 
w,= — B = cyclotron frequeney vector . 
me 


With these eq. (2a) becomes (for a harmonic oscillation of angular frequency ©) 
3 ieee E —ixw 
1OL = == Li Ro 
(3) ja re 
We shall be interested in wave propagation on plasma cylinders, let us, 
therefore, rewrite equations (1)-(3) in cylindrical co-ordinates x, r, 0. Further- 


more we shall restrict ourselves to problems in which 0/00 = 0. 
The wave equation (1) thus becomes 


(1a) 


Cx or dx? e? eo A ae 
à AE CN 57 SV keel ge) (Oka 7) 
1b = — = = | 
(HR) 2 oxor ror el bar He 4x) cate» 
lol pi or 02Eo co? 7 . © . 
Ara arr. dr da Pia er se cm": 


The equation for current density, considering only B, and B, field is 


È 
Lala : (Oh 
(3a) Oe VWog = Le Be. 
TT 
1 
(3b) iwi, — à © 
JO — VaWeg + Ace, > = E, , 
2 
UE 5 O) 
(3c) jo, — 1,0, = E. 
4x 


Let us now consider three simple situations which can be described by 
these equations. 


a) Confinements by a strong B, field. We shall assume that the field B, 
18 FRODE ough to prevent an appreciable r.f. current flow in the radial and 
azimuthal direction. Let us also assume that the r.f. pattern varies with x 
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as exp [jkv]. Then equation (1a) gives 


2 1 M 
(La!) Br (2 ut) 


whereas equation (3a) gives for the current density 


1 2 
(3a!) eg 
AT 


Substituting these into equation (1b) we get 
De 19 98, (0 
(4) I - ke (1-2 E, = 0. 
Toner, er rue O) 


Comparing this equation with a wave equation in a dielectric medium one 
finds that the plasma behaves as an anisotropic dielectric with 


= À, CES La 
O) 
The solution of equation (4) is 
(5) E,= a-di(|x|r) ; 


where 


| aw? wi 
2 | — — e2 rs È 


The corresponding solution for H, can be obtained from the second Max- 
- well’s equation. Thus 


(6) [curl Es = —) = Hg - 


Using equation (1a) one has 


a joe OE, 
Ho= (ote) — kt or ’ 
or 
E a(x)(@/e) 
(7) Ho =—3 Ter) — 1 CALE 


Assuming that the space outside the plasma cylinder is vacuum, the solution 
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of the wave equation for r —7r, and for a guided cylindrical wave is 


(8) E, = b-K|xo]?); 


; bl xol (0/0) 
(w?/c?) — k? 


(9) H, = Ki(|xo|r} - 


The constants a and b are obtained from the condition that the £, and H, 
components must be continuous functions of the radius. Thus at the boun- 
dary of the plasma cylinder 


(10) ado(| x | To) = bK,(| ÿo | To) = 0 , 
(11) a|x|T(|x{ro) —blxo|Ki{zolr) = 0. 


The secular equation of this system is 


(12) Jo|xlro) _ || Ko} Zo | lo) 


J1(| %| 70) | Xo | Kx (| 4o|70) 


This can be written as 


To(|X|7) _ (5 \* Ko(| Lo | 0) 
bee) ; & 1) letras 


It is useful to introduce the following system of non-dimensional quantities, 


we k?e? a) 


(13) = 7h , penna 


Ate PE: 
a) œ, 


With this equation (124) becomes 


(125) Tot [41 — 1/E)(E — x) VF _ (i bi i) K{[4r(x — #1} 


The curve representing the dispersion equation (12b) could be plotted in 
a &,x co-ordinate system. One has 


(14a) AREA LT LI 
wi A 4r(enlm) \ A 

(14b) a EL OT ta 
wo. ore vesti br RS 
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En | 
pi 


During a radial contraction of the plasma cylinder » and Ag remain con- 
stant. Thus in following a curve corresponding to a particular value of » 
(see Fig. 12) one can find the relationship 


2 = Mo; 49,7); 


where Ag and v are parameters. 
If the radial compression ratio is 


the frequency multiplication becomes 


(15) 


Ext, 


2 


sz Vin] 


À em) 


| E %2 
Since 1/22 > &,/& it follows that 


(16) E SE Ss 

À and n, may be expressed as func- 

tions of € and x. Thus 

(Ty) A ag VE N er 

È 7 

From these, and with the help 

of the x= x(É) curves one can plot 

curves (Fig. 13) representing 


Aha) 


As the plasma cylinder is ra- 
dially compressed, Ag remains con- 
stant and one would expect that 
when << 4g the r.f. power flows 
mainly outside the plasma guide and. 
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Thus as x ->0 one obtains 


: = and À > Àg. 


When the plasma guide expands 7, becomes larger than Ag and one would 
expect that the character of the oscillations should become similar to the Lang- 
muir electron oscillations. This is indeed so, as when Àg/r, > 0, x + co and 
this is possible only if £ +1, i.e. © —w,, the Langmuir plasma frequency. 
In this case the wavelength that can be propagated follows from eq. (4a). 
This gives 


ASE IE 

To VVE 
For £ 1 one obtains À — r;(x/Vy), a relationship connected with the exist- 
ence of the stray fields outside the plasma. 


The efficiency of a radiation compression process can be associated with 
a function 


AA/2 


Al ara = 
He: Aro:To E 


where Ad and An correspond to some Aé. 
This may be also written as 


(18a) ja À Mads _ Vg (AA) VIE 
te draldé © Vy (d/dd)Vx 


and therefore 


Lae 08 


18b S| See 
(18b) f=1 E deja” 


for É>0, x/6 +1 and dx/dé=1. Therefore 


f can be also expressed in terms of ro and À as 


(18c) f= face 


As £—1 there is 22/r° > x2/y and d(2)/d(r;)(x2/v). 
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Therefore 


f —1. 


It is obviously important to choose such » which will permit an efficient ra- 
diation compression. This can be done with the help of curves for 4(r,) plotted 
in Fig. 13. Often a decisive parameter will be the initial and final frequency, 
e.g. one may desire a frequency multiplication from the S-band into the X-band. 
From Fig. 13 it is obvious that such à frequency shift cannot be efficiently ef- 
fected a with v= 0.1 guide, but » — 2 will be appropriate. On the other hand 
a »— 20 guide requires a too large initial radius (i.e. the dimension corres- 
ponding to S-band). 

Let us also consider the effect on the r.f. field pattern of creation of new 
plasma (by ionising collisions) within a plasma guide whose radius », remains 
constant. 

Let us assume that » changes from 7, to » where », <<»: If the original 
state is represented by a point é,%, in the £x diagram (Fig. 6a) and the final 
state by a point £,%, it follows from equations (14), (14a) that 


Ca 592 Casino ME 


#5) 
È, Ava Ho Vy 


The curves representing the change in » for Fig. 14. 
7, = const are shown in Fig. 14. From these it is ob- 


vious that an increase in x results in an Increase of the frequency of the 
guide mode. 


b) Confinements by the B,-field of a steady current through plasma in the 
x-direction. In this case the electric field of an E-mode is everywhere per- 
pendicular to the steady magnetic field B, (see Fig. 15). 

Provided, that 


x eh Dep < DZ We 3 
Fig. 15. where ©,, is the proton synchrotron frequency, two types 


of currents can flow. One is a Hall current, the other is a 
polarization current. These follow from equations (3abe) remembering that 
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D — 0. Thus 


(19a) joie +1, = n Has 

(19d) jot, — d20cg = a E,. 

Thus (putting o, = @x) 

(20a) re a me (1 = 2) Gok. —w,E,), 
(208) (= = me si =) GOL, + 0,F;) - 


The plasma behaves, therefore, as a medium of dielectric constant 


2 w2\-1 
(21a) c= ee =149(1—5) : 


2 )? RE 
(215) — Ore = Ore = 7 mit - | 


One could substitute equations (20a) and (20b) into the corresponding 
wave equations (1abc). However, as ©, is a function of r and for some value 
of ro, = ©, these equations are difficult to simplify and solve. Some progress 
can be made by simplifying the geometry of the problem. 

Let us consider an infinite plasma with ©... = ©} @c2 = y = 0. 

Let there be a wave E = E exp [j(wt + kæ)] and (2/0y) = (2/82) = 0. The E, 
component can be neglected as that belongs to a transversal wave unaffected 
by the field B. 

The equation 3 becomes 


sa WO» 3 
JV, = rie e TT VyMe y 


Pac (00 : 
VO = E, + De y 


4a 
from which 
À x 10° w?\-1 | 
(22a) ie re mie — =) (GE, — w,Æ,), 
i 1 w?\-1 
(22b) TE An all mi =| (j0E, + HH ,) 
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These currents are a mixture of polarization currents and of Hall currents 
similar to those of equations (20ab). The wave equation can be developed 
as follows 


Ob, 
curl E = a 


z he 
° 0a da? 


0E E, 
curl ( ) ty =", 


Therefore, the component wave equations become 


Mm? MONITOR GA 
(23a) er E, =) a (2) (1 = | (joH, — w,H,) , 
0? 2 2\—1 
(23b) FPE, -— DAS = (2) (1 | (joE,+ E.) . 


From the second one one gets: 


je? 


Aden: 
Wp cè (Ori ce 


Sb ces 
OW. 


Substituting this into equation (23a) one obtains 


w 0) «2 wi «| wo >| 
2 eS SAYRE! à == 74. 
Lo oO? (=) (1 È) (1 me) c| | wi + w?] 


Put 


Equation (24) can now be written as 


(24a) a=-—{(m—&(1— a€) — at} (1 + a — dé), 
from which 


_ EA+a—aé?—a 
Weel ab) a ae) 


(25) 


Let us plot 7=7(&) for different a. The phase ve- 
locity of the wave is then (Fig. 16) 


(00) î 
SR ca iii and rir (tg y)-?. Fig. 16. 
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The dimensionless variables £, 7, and a may be also expressed as 


(2xc/2})° _ (2xc/Ag) Pio 4ren/m 
~ Anenfm’ | 4ne?n]m ? e? B2/m2c? 


(27) È 


Writing n= (N/5Y?), where Y is a characteristic dimension of the plasma in 
the direction transversal to æ and putting N(e?/mc?) —» one gets 


2 
(23) Ë = Gr. Mer (7) ee a = 2ame?(YB)?-N. 


It follows from the 7(£) diagram that there is a region of propagation, espe- 
cially for weak magnetic fields, in which the phase velocity is substantially 
different from c. 

Let us now consider a slab of plasma of thickness y (see Fig. 17). Let us 
assume that a wave described by the dispersion relation (24a) propagates 

within the slab and is reflected from the bound- 
y ary at an angle x. Such a reflection is pos- 

oe PTT sible only if © < ©. 
VETTE In such a case the phase velocity V, of this 

| wave along the æ-axis will be greater thant V, 

fs given by equation (26). It thus appears possible 

Fig. 17. to make V, =c, if one could choose origi- 

nally a 7(£) corresponding to V,< e. However, 

waves in this velocity region possess w < w, and therefore cannot be guided 
within the plasma slab. 

If, on the other hand, the plasma slab is placed between two metal sur- 
faces, one could use the v,< e region of the n, € plane for propagation. 

If now the separation of the metal surfaces which is also the transversal 
dimension Y of the plasma is decreased, the frequency © will increase and 
v, > 0 along a curve in the 7(£) plane corresponding to a particular a. As 
n changes in the same way as B? it follows that a= const. 

It seems plausible that the propagation of waves on a plasma cylinder 
formed by B;i, pinch will exhibit a behaviour similar to that of a plasma slab. 


c) Confinement by a helical B,B, field. This confinement seems suited 


for a three-dimensional compression of a radiation guided by a cylinder of 
plasma. 


Let us again simplify the situation, mainly because a general wave equation 
corresponding to this case is difficult to interpret and let us assume that 


We 
et 
w 


and also that Ag< 2r,. 
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The physical meaning of these assumptions is that i|B and that most of 
the r.f. energy flows through the plasma. The equation for the electron current 
is, therefore 


à eH, 
ass ’ 
MO 
where (Fig. 18) 
(29) Eu = E,:cos y 


and the kinetic energy of the r.f. motion of an electron is 


e?H?, eH? 


(30) Wa = 


= — COR? Y . 
2mo? 2m us 


The kinetic energy within a 2,/2 segment of the beam is therefore 


1 eH? 


a 


o Wes 2 2mw° 


À 
COS? paro ‘M « 


This changes every 2/@ (8) into an electric energy (*) 


1 À, E 
32 ni. 
62 WE 8n 
From the equality W,= W, we get 

4re?n 

œ? = Se cos? yp , 

or 
(33) © = W, COS Y. 


Thus as one decreases the angle y, © increases as cos y. If this did not in- 
volve any change in the radius 7 of the plasma cylinder, one could interpret 
this change of w as a result of a compression in the «-direction (or rather an 
untwisting in the 0-direction). 

However as such a change in y could be effected only by changing the ratio 
of B,/B, a change of radius 7 must also occur, If, e.g., B, is rapidly increased, 
one may expect that 7, and y will decrease and the r.f. field will, therefore, 
experience a three-dimensional compression. 


(‘) If one takes into account the energy stored in the stray fields H,, eq. (34) 
becomes a dispersion equation for this mode. 
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APPENDIX II 


The Q of a plasma resonator. 
The h.f. current density in an infinite and uniform plasma is 


. neE vo net 1 
mo (v./o)? +1 I mo (Jo) + 1’ 


(A.1) 


where », is the collision frequency of electrons. The energy stored per unit 
volume is 


L eE\®. 1 eK? 
A.2 È =. _ — = — , —— + 
i) di DINE (sa) 2" mo? 
The energy dissipated 
1 x 1ne?E? v,/@ 
A.3 Wi — = Re) he À 
8-9) ee AY 2 mo (1+ (v./0)? 


One can define an effective Q of such plasma as a ratio 


_uW, _ infeE/mo)f f».\1 
(A.4) ER niet mayoral Le (a): 


For large w/v, one gets 


(A.4a) Q + or. 


If the degree of ionisation is larger than 1% and if the r.f. velocity is smaller 
than the mean thermal speed, then the collision frequency is 


A.5 È vee 

(A.5) v, = 50 Ti 

Therefore 

(A.4b) gli 
50n © 


For adiabatic compression 


and it is in our case 


Tt 
— x 0...x10-8, 
n 


0 
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Thus finally 
(A.4c) Q — 0.02 -10-°0 = 2-107*@ . 


Ex.: for © = 2-101! one gets Q = 0.4-10*. 
When the r.f. velocity is larger than the mean thermal speed, i.e. when 


eB V2kT 
mo gas 
i.e. for 
p= VERT ; 
and as T 10 
(A.6) Ta: eee (ab. V/em) . 


The collision frequency is 
3 
(A.7) Pg 1079 (5) n (cal/s, rad/s, ab. V/em, el/em?), 


and consequently 


3 


(A.8) 0 = 10% (ab. V/em, el/cm?, rad/s) . 


no? 


We shall be dealing with initial plasma densities of the order of 10% el/cm® 
and initial angular frequencies of the order of 10! rad/s. A feasible field 
strength is about 100 ab. V/cm. Thus it follows that the order of magnitude 
of Q is 10’. The collision frequency in this case is of the order of 105. If there 
are also neutral molecules, then the collision frequency between an electron 
and neutral molecules is 


eH 
pg ee A 1078 «Mg 
mo 


where x is usually of the order of unity. Thus 


E 
(A.9) Vv, = 50 — Mn + 
w 
Let us form a ratio of 
3 E\ 
(A.10) Ve — 9-10-% (2) CCA 
Vn wo) Nn 


This ratio is of the order of unity for the above mentioned quantities if 
Nn = 2N ; 


i.e. if the degree of ionisation is about 50%. 
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It has been shown that during an adiabatic two-dimensional compression 
of a plasma guide 


E*/® = const. 


It thus follows that the Q corresponding to electron-proton collisions (eq. (8)) 
varies as ©? during the compression, whereas the Q-factor corresponding to 
the electron-neutrals collisions varies as 


during the same compression. For high temperature plasma the Landau 
damping must be also considered as a source of r.f. loss. 
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INTERVENTI E DISCUSSIONI 


— R. Lüsr: 


Your calculations have been carried out at fusion temperatures. But at lower 
temperatures the energy losses are much more severe and if you actually have to heat 


an originally cold plasma, the bottle will be empty before the high temperature region 
will be reached. 
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— J. G. LINHART: 

I agree with you that we have to apply some reasonably fast heating mechanism. 
The losses at lower temperatures are so high that a zero energy reactor will not 
be possible below 130-109 °K (D-T-reaction). One has to heat the plasma to this tem- 
perature during, say, 1 us. I think that there are mechanisms by means of which 
one can heat up a plasma in this order of time. 


— F. R. SCHWARZL: 

In your calculation you have assumed that the mean free path of the particles 
must be at least of the order of magnitude of the bottle dimensions. If you look on 
the order hand to the other extreme, that you have a very large number of collisions, 
one gets the same formula as you but the confinement factor « is left out for there 
are as many particles thrown out from A to B as from B to A and in consequence 
the magnetic configuration comes not in any longer, and you don’t have a bottle at all. 


— J. G. LINHART: 

I agree, as soon as there is an appreciable transfer from B to A as well, the usual 
magnetohydrodynamie equations are valid and the confinement is virtually independent 
of the bottle geometry. 


— F. R. SCHWARZL: 

This seems to me an interesting example of a case, where the equations of magneto- 
hydrodynamics give quite an opposite result to the single particle model. One should 
be careful therefore in using the magnetohydrodynamic equations for the description 
of high temperature plasmas. 


SS Je G. LINHART: 

I quite agree with you. Many people have recognized this and it was especially 
appreciated in the study of instabilities in high temperature plasmas with anisotropic 
velocity distributions because very often one gets different results depending on whether 
one treats this using the distribution function or whether one uses the magnetohydro- 
dynamic model. 


— F. C. THONEMANN: 


I think you will find that even in the last vacua conceivable one gets a loss of 
particles by charge exchange which exceeds by far the loss through the end of the bottle. 


— J. G. LINHART: 
I seem to recollect that a vacuum of the order of 10-6 is required for the two losses. 
to be equal, however, this difficulty would enter into any confinement project. 


— . L. S. GOLDSTEIN: 
I imagine that when you are accelerating the runaway-electrons quite a number 
of collisions with the gas will occur. 


— J. G. LINHART: 
Not really, the whole acceleration is accomplished in about 8 ys so that during 
this period the scattering due to the neutrals is negligible. 
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— L. $. GOLDSTEIN: 
What kind of gas did you use? 


— J. G. LINHART: 

We used several gases, from hydrogen to mercury. The mechanism seems to work 
best in argon, the reason being not so much the decoupling effect of the runaways 
described here, but the fact that one can produce uniform plasmas at lower pressures 
in argon than in other gases. 


— L. 8. GOLDSTEIN: 
Probably you get.the runaway electrons easier in argon because of the Ramsauer 
minimum. 


=— J. G. LINHART: 
Yes, I agree, that might have an effect. 


— H. WILHELMSSON: 


What is the order of magnitude of the magnetic field owing to the plasma currents? 


— J. G. LINHART: 


The initial current of 300 A corresponds to about 100 G, but when at the end of 
acceleration there remains only 1/10 A the earth’s magnetic field strenght is probably 
higher than the field of the relativistic beam. 


— H.C. VAN DE HuLsrt: 


Is that right that the field pattern is similar to that in an infinite plasma in the 
limit in which most of the field is concentrated within the plasma? 


— J. G. LINHART: 


Yes, there remains only a small stray field at the boundaries of the plasma. 


— L. 8. GOLDSTEIN: 


I think the gas ought to completely ionized and of high temperature before squeezing? 


— J. G. LINHART: 


It would be helpful if the electron temperature were wery high, but even for an 
ordinary gas discharge plasma the Q-factor of a plasma resonator is reasonably high. 
One can write Q ~ oT?/50n, and for w = 2-104, 7,= 104, n= 1012 one gets Q — 4000 
which is not bad. The effect of the neutrals is negligible if the degree of jonfzahion 


exceeds 15%. 
— 0. STURROCK: 


You have used for the wave guide pattern the small amplitude theory, but on 
the other hand you propose to use high field strengths. 
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a 4 The linear theory is applicable if 
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during the compression the electric field becomes high, but the frequency © increases 
too and it can be shown, that if the criterium is satisfied before the compression, it 
also holds in the pinched state. 
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Optical and Radiophenomena 
Associated with a Solar Activity Centre. 


C. DE JAGER 


Sterrewacht Sonnenborgh — Utrecht 


1. The first part of the life history of an activity centre. 


A solar activity centre is a region of enhanced activity, as a rule not greater 
than 0.1 to 0.2 times the solar diameter. In this region most transient solar 
phenomena are observed, such as faculae, sunspots, flares, surges, spot- 
prominences, coronal condensations.... There are many kinds of activity centres 
(CA); most of them live short, some stay longer and may reach the state of 
complete development. In this paper we discuss the «ideal », fully developed 
CA as it was for the first time described by KIEPENHEUER in 1952. It has a 
lifetime perhaps of the order of 200 days, but only the first 30 days, when 
the CA is at maximum activity, are of importance for the present discussion. 

The first indications that a CA is going to be born are given by magnetic 
field measurements. In an optically quiet region of the sun’s disk a weak 
field originates (some Gauss) that rapidly increases in area and strength. After 
some hours (sometimes only after some days) one of the coarse Hx-mottles 
in the magnetic region elongates and becomes fairly bright; somewhat later 
it decreases in brightness while it grows at the same time. Sometimes two 
brightness maxima occur, which correspond to regions of opposite magnetic 
polarity of the so-called BM (Bipolar Magnetic) region. After some days the 
«leading spot » originates in the west end of the region, followed, after some 
days, at the east end, by the « following spot » which is often smaller than the 
leader and has an opposite magnetic polarity. 

At this moment the first phase in the life of the CA can be considered as 
being ended. Simultaneously with the growth of the BM field and of the 
faculae the intensity of the coronal radiation at 5303 À (Fe XIV) has in- 
creased. The bright coronal area has about the same extension as the facular 
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field. The occurrence of this line, with its ionization potential of 355 eV points 
to a somewhat increased temperature in the corona (about 10° °K). Not many 
details are as yet visible in the corona. 

With the establishment of the bipolar spot character a period of greater 
activity starts. Small unstable « spot filaments » (or « spot prominences ») occur, 
which are first orientated more or less around the faculae, later they tend to 
point towards the leading spot of the group. The spot group increases in size 
and in number of components; the first flares occur. As GIOVANELLI showed, 
already 20 years ago, the occurrence of flares is correlated with changes in 
the position or in the number of spots in the groups. Flares are not apt 
to occur when the spot group has its maximum size (which happens after 
1015 days), but rather when the group is growing or decaying, and flares 
occur most often in spot groups with a complex magnetic character. It is 
known that spots are parts of the BM region where the magnetic field strength 
is much greater than in the surroundings. A BM region has a field of some 
Gauss, in a spot it ranges between some hundreds and 4500 gauss. So it 
seems rather certain that flares are due to changings in the magnetic fields 
of spot groups. 

This second phase is the period of greatest activity of the CA. It ends 
after 20 to 30 days, when the spot group has disappeared. The relation between 
flares and coronal activity in this phase will be discussed in Sect. 3. 

The second phase is followed by a period of decreased activity in the life 
of the CA. The BM region increases in size; the field strength starts to decrease, 
some solar rotations later. Also the facular field continues to grow in size, 
not in brightness, and later gradually disintegrates. This phase of the deve- 
lopment will not be treated in this paper. 


2. — The coronal extension of a moderately active CA. 


The enhancement of the 5303 A radiation in the corona above a CA indi- 
cates an increase of the temperature in the coronal parts of the CA. Other 
information about this part of the sun can be derived from the radio-spectrum. 
Eclipse observations, but especially the observations made with the great 
modern interferometer aerials have shown that CAS emit an enhanced thermal 
radiation, especially at dm and short metre waves; the radiation reaches its 
top intensity not when the spots are at maximum development but later 
when the facular area is at the top of its development. In a moderately active 
CA the temperature is above 10° °K and the density is also increased, the 
precise values depending on the state of development. 

That the rather stable ray and arch structures, shown to us on the mag- 
nificent film taken by R. B. DUNN, require a magnetic explanation seems 
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unquestionable. To what extent the motions occurring in coronal active regions 
are regulated by magnetic fields can be best shown with the prominences. 
There are two types of prominences, the spot prominences, short lived, small 
active ones, which occur close to the spots in activity centres, and secondly 
the long stable quiescent ones, which may exist for many months, and which 
occur as a rule at the high latitude border of a CA, and sometimes in a « dark 
lane » which divides an old activity centre in two parts. 

These latter prominences perhaps represent an equilibrium configuration 
between the external magnetic and the internal turbulent energies: with the 
usual prominence values Nroton = N —=2-10! em-3 and with »,,,, = 5 km/s, 
and assuming this energy equal to H?/8x one obtains H = 0.2 gauss, an ac- 
ceptable value for the borders of the BM regions. This is more or less the 
basis of Kippenhahn and Schliiter’s prominence theory in which is assumed 
that the quiescent prominences are supported by the horizontal or slightly 
concave parts of the field. The field is somewhat depressed by the occurrence 
of the prominence and this leads to a stable configuration. 

The sunspot prominences obviously occur in regions of greater fields. An 
assumed field strength of 3 gauss would lead to a magnetic energy density 
more than hundred times the value for the quiescent prominences. So, the 
motions of spot prominences are regulated by hydromagnetic laws. 


electron 


3. — The coronal condensations and the flares. 


The highest temperatures and greatest densities occur in the coronal con- 
densations. Following Waldmeier’s definition we speak of « permanent» and 
« sporadic » condensations. The latter occur in the first. The permanent con- 
densations may persist for days, sometimes longer; they have the greatest 
electron densities ((0.5--2)-10! em-*) and often show the 5694 À line (Ca XV; 
814 eV), the line of highest excitation potential of the solar spectrum. The 
occurence of this line is correlated with flares; brightness maximum is attained 
some time (average: 0".5) after the occurrence of a flare. The electron tem- 
perature in the centre of a condensation is between 2 and 5-10° °K. 

The sporadic condensations occur in the permanent ones. They emit mainly 
the 5303 À line, are short lived and show structures, similar to the knot, loop 
and funnel prominences observed in Ha. The most remarkable pheno- 
menon is that these 5303 À structures often coincide in place with the Ha 
structures, so that one gets the impression that the cool objects are embedded 
in ihe hotter ones, or reversely (which of the two is inside is difficult to say 
but it seems that it is the prominences). The sporadic condensation are 
related to the flares but in a less strict sense than the yellow emission regions. 
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The sporadic condensations show us how a highly excited solar region suddenly 
can cool down to temperatures of the order of 104 °K. 

A flare is one of the high-lights in the life of a CA. Their forms have been 
shown to us by Dr. GIOVANELLI. Their temperatures are 10000 to 15 000 °K, 
their electron densities, are high, about 2-10!* cm-*. Most flares originate in 
the high chromosphere but they extend slowly: the average heights are 15 000 
to 20000 km, well inside the corona. Other flares find their origin right in the 
low corona, so that the question might be posed whether flares should be 
considered as suddenly cooled coronal regions or rather as suddenly heated 
chromospheric regions. (The latter is the usual concept.) But this is not the 
most important problem: the temperature variations are accompanied by 
sudden and much more drastic density changes. The temperature of a flare 
exceeds hardly that of the upper chromosphere and is only 10-2 that of the 
corona, but the flare’s electron densities exceed that of the chromosphere by 
a factor 10%:5 and that of the corona by a factor 1045. So the problem of the 
flares is to explain how in some minutes the density can increase by such a 
factor. 

The solution could perhaps be found in recent observations of SEVERNY 
who explained flares as a collapse of the plasma. Magnetographic observations 
showed that flares originate in a neutral region between the spots. The ap- 
pearance of the flares seems to lead to a contraction of the surrounding fields. 
When the contraction of the field lines around the neutral region is sufficiently 
high, the magnetic forces which tend to contract the plasma increase more 
rapidly than the pressure; the plasma collapses.. A contraction of 0.1 to 0.01 
(corresponding with density variations of 103 to 106) can perhaps be reached. 
During the contraction shock waves are produced which may account for 
dynamic phenomena observed during and after the flare. 


4. — The radioemission of flares. 
There is so much diversity in the radio phenomena that accompany flares 


that it seems hopeless to systematize. Nevertheless, let us draw a picture of 
the «ideal », fully developed radio spectrum occurring together with flares and 
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let us forget for this moment that this ideal case occurs in reality only for one 


case in 10? or 10°. 
The succession in time is: III, V, II, I, IV. Some of the properties are 


listed below: 


3 Af/At | Bandwidth Time of 
Type | Other design. (MHz) Polariz. (MHz) POSTARE EU Remarks 
III f/4-5 ay 20 —40 start of flare | often in groups 
| polariz. 
main phase 
II outburst 0.2 20-40 citta 
mainly numerous dur- 
I stormburst no pol nega some MHz | end of flare ing noise storm 
enhancement mainly 
IV | of base level polariz. broad end of flare 


The type V bursts are shortlived enhancements of the base level at long 
wavelengths; they occur after type III bursts. 

Some problems, related to the emission of these types of radio transients 
will be discussed shortly. 

The stormbursts do not show an appreciable frequency shift but might still 
be associated with motion of matter since it has been found that flares followed 
by noise storms are often followed by geomagnetic storms. An investigation 
of weak noise storms has shown that the stormbursts often occur in groups 
(only 10% occur singly). An average group consists of 2 to 3 strong members 
and a greater number of smaller ones; each group lasts for 10 seconds or less. 
These groups in turn cluster together; these supergroups last for 10 to 20 mi- 
nutes. The time profiles are asymmetric; they rise rapidly and fall more 


slowly. In the spectrum they have a small bandwidth; the bandwidth and 
the duration are: 


at 100 MHz 4MHz — 
164 » 4 » 0.2 5s 
200 » 6 » 0.35 » 
400 » 12 » 02) 


1100 
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Remarkable is that Af/f is nearly constant as a function of frequency and 
that it is virtually equal to the width of a strictly monochromatic line widened 
by the thermal Doppler motions of an electron gas of 10° °K. This poses the 
problem of the contribution of thermal motions of a plasma to the profile of 
a burst emitted by plasma oscillations. 

In any case, whatever the widening mechanism may be, this result shows 
that the density range AN/N, that contributes to the stormburst emission is 
small as compared to (Af/f)? & 0.07. Let us put AN,/N, = 0.02, then with current 
coronal models one finds that the emitting clouds have diameters smaller than 
200 to 600 km. A lower limit to the « cloud » diameter is found by assuming 
that a pip is emitted by an electron cloud oscillating in a strictly ordered way, 
and that the average kinetic energy of the cloud is transferred into oscillation 
energy; in that case the diameter is of the order of 10 em. 

The type III bursts are strongly asymmetric in time. At 200 MHz they 
fall into several groups with halfwidths ranging from 0.48 to 1.58. The pips 
of longest duration are rare and occur only in the first 
part of a flare. If we assume that they are due to plasma Z 
oscillations, then these oscillations must decay exponen- 
tially by collisions, with 2—4.2-10° NT * Assume 
further that N, is determined by the plasma frequency, 
then 7 can be found. It appears to range between 2.6 -10° 
and 7-106 °K. This shows that the pips occurring in 
the first phase of a flare are emitted by regions with Fig. 2. 
temperatures of about 5 -10° °K. 

Still higher temperatures must occur in the regions emitting the type IV 
bursts. The phenomenon has been known for a long time to radioastrono- 
mers, who called it an « enhancement of the base level». DENISSE and co- 
workers realized that one was dealing here with a particular kind of solar radio 
emission. The type IV bursts can be best observed when the flare is at the 
sun’s limb. One sometimes observes that the flare is followed by a type II 
burst showing tangential motion away from the sun. Then a large spot is 
formed at some distance to the limb (0.5 Ro). This spot may last for an hour; 
it emits the continuous radiation that is now called a type IV burst. The 
emission can be explained as due to synchotron radiation of relativistic elec- 
trons, by taking V,= 4-10", E=3 MeV, H =1 gauss. The observed dura- 
tion of the type IV bursts (1 hour) is of the same order as the life times of 
electrons of 3 MeV in a region with an electron density of 10% cm™. 

It is perhaps useful to summarize in this connection some other phenomena 
that point to high temperatures in the corona after a flare. These phenomena 
are observed at shorter wavelengths: 

1). The 5 694 À emission (Ca XV, 814 eV) occurs after flares in the co- 
rona; maximum intensity is reached half an hour after a flare. 


19 - Supplemento al Nuovo Cimento. 


1101 


CT. 


« 1 mira a | 
la ‘ 


‘| 


290 C. DE JAGER 


2) Recent rocket observations of the X-ray radiation related to flares 
have shown, that the existence of a flare produces a hardening of the solar 
X-ray radiation. The quiet sun does not emit X-rays at wavelengths below 
8À, but during flares this limiting wavelength shifts towards shorter values 
to reach 1.5 À during the strongest flares. This indicates ionization tempe- 
ratures of the order of 107 °K. No X-ray measurements have as yet been 
made after flares but the observations that are now made from Sputnik Ill 
might throw more light on this problem. 


3) Cosmic radiation bursts reach their maximum intensity after flares; 
the time differences are: 


Flare ot Time difference 
28- 2-1942 Den 

7- 3-1942 1 

25- 7-1946 2.5 
19-11-1949 0.5 

23- 2-1956 0.2 


It is by no means sure that this radiation is emitted by the same regions 
which emit the type IV bursts or that this radiation is really emitted after 
the flare, but the possibility should be kept open. 
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In this paper the chromosphere is treated primarily from the descriptive 
point of view. Some theories on the dynamics of the chromosphere are briefly 
mentioned, and a discussion of the energy balance of the chromosphere is 
included, but for a more detailed theoretical treatment reference is made to 


Dr. BIERMANN’s lectures. 


1. — Generalities. 


The chromosphere is a 
sheet of plasma, 5000 to 
10000 km thick, in which 
temperatures of 4000 to 
40000 °K occur, enclosed 
between 1) a cool and 
denser, practically neutral 
gas (the photosphere), 
with at the surface a 
temperature of 4500 to 
4600 °K, and rapidly in- 
creasing with depth, and 
2) a hot teneous plasma, 
the corona (7=10° °K). 
The thermal and mecha- 
nical properties of the 
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chromosphere are determined by 1) the incoming photospheric flux of ra- 
diation, but especially by 2) the mechanical energy flux coming from the 
deep photosphere; further, in its upper part by 3) the downward heat con- 
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duction from the corona, while 4) its general structure is further determined 
by the gravitational field of the sun. 5) The rôle of magnetic fields in deter- 
mining the chromospheric structure is still obscure (Fig. 1). 


2. — Thermal properties. 


That our knowledge of the chromosphere is relatively scanty results partly 
from the fact that its spectrum can only be observed well during à solar eclipse. 
The chromosphere emits a line spectrum; the continuous spectrum is faint. 
With a slitless spectrograph the so-called flash spectrum is obtained. It gives 
the integrated intensity £ in the emission lines for chromospheric heights 
greater than the projected height of the moon’s limb above that of the sun. 
The reduction of £ to the surface brigthness F is not difficult and demands 
only very precise observations. The step from Y to the emission e per element 
of volume presupposes knowledge of the relative variation of e with height, 
while moreover the influence of self-absorption must be eliminated. If these 
steps have been made, then e = N,4,,hr,,, where N, is the number of par- 
ticles in the upper quantum state. Then, eventually, there remains the inter- 
pretation of N,, in terms of—say—electron temperatures and particle densities. 
The chromosphere is not in thermodynamic equilibrium, so Boltzmann’s and 
Saha’s laws cannot be applied and the detailed equilibrium has to be inves- 
tigated between all atomic levels between which transitions are possible. The 
influence of collisions on this equilibrium has naturally to be taken into account 
as well as the influence of the radiation field, which consists of two parts: the 
external field, from the photosphere and corona, and the internal field, gene- 
rated by the gas itself. Then, for each level the number of incoming transitions 
is put equal to the number of outgoing transitions, yielding N equations with 
N unknowns; N is the number of levels, incorporated in the computations; 
the unknowns are the populations of these N levels. Obviously the intensity 
and frequency distribution of the own chromospheric radiation field greatly 
depends on the solution of the system, so that the solution has to be obtained 
in several approximations. A fairly complete quantitative discussion has not 
yet been published but some approximated solutions have been obtained for 
hydrogen and helium. A very extended series of computations of the hydrogen 
equilibrium between temperatures of 6000 °K to 100000 °K has been started 
at the observatories of Uccle (Belgium) and Utrecht. Use is made of electronie 


computers and it is hoped that the results are available within one or two 
years. 


| The various temperature determinations for the chromosphere do not yet 
fully agree, but one of the results found with good certainty is, that in the 


ve — 


region about 2000km above the photosphere, the helium and the hydrogen | 
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data point to temperatures of 10000 °K or perhaps somewhat more, whereas 
data from metal lines and from the continuous spectrum indicate that the 
temperatures are between 4000 and 7000 °K. Optical data from other lines 
and referring to other heights 
complete this picture and the 
conclusion seems inevitable that È 
the low chromosphere, at least 

above 1000 km is inhomoge- | 
neous showing a temperature | 


corona 


distribution of the two main 
kinds of elements as the curves 
h and c in Fig. 2. 

For the moments we do not 
yet diseuss the explanation of . L E 
these two kinds of elements but | 
it should be remarked that if | 
the chromosphere is inhomo- 
geneous and consists of two 
kinds of elements the elements hot elements 


“HAE 
can only exist at two well defi- 10° aeons 


a 
ned temperatures, for which [ | 


a preliminary thermodynamic- TE ciment 
equilibrium computation yiel- Height above photosphere 
a 1 1 A | Je 


ded 6000 °K and 20000 °K. At aa ETS 

other T values these elements Fig. 2. 

are not stable: à slight increase 

of the temperature, due to an injection of energy would correspond to à 
decrease of the emission of radiation, hence to a further increase of T,..., etc., 
and mutatis mutandis for the reverse process. These two temperatures cor- 
respond fairly well with the average values of each of the curves ¢ and h 
of Fig. 2. 


3. — Mechanical properties. 


The temperature inhomogeneities, described above could only be discovered 
after a long and detailed treatment of chromospherie spectra, but a direct 
look at the chromosphere through a He filter and through a quiet atmosphere 
shows immediately the inhomogeneities of the upper chromosphere. The spi- 
cules (Fig. 1) have diameters of 500 to 1000 km, lifetimes of 3 to 5 min, and are 
mainly visible between 5 000 and 104km above the photosphere. They pe- 
netrate from the chromosphere into the corona and are typical low-temperature 


1105 


294 C. DE JAGER 


objects since they emit Ha light: their temperatures seem to rise from about 
2-102°K at 5000 km to about 5-104°K at 10000 km. They go upward with 
approximately constant velocity, then stop (abruptly?), 40% of them then 
fade away. About 25% of the descending ones first stay at maximum height 
for about one minute. 

Two fundamental problems are, whether these high chromospheric inhomo- 
geneities have perhaps to do with the inhomogeneities of the low chromosphere, 
and if so, with which of them they have to be associated. These problems 
can be solved by the investigation of spectroheliograms. Spectroheliograms 
are sharp monochromatic images of the sun. As a rule they are made in the 
light of Fraunhofer lines; since the absorption coefficients in these lines are 
great, a set of spectroheliograms, made in various lines or in various parts 
of the same line can yield pictures of the sun in various chromospheric levels, 
thus permitting to deduce a three-dimensional image of the chromosphere. 
Metal line spectroheliograms give information on the levels between 0 and 
1000 km; Cat lines show regions between 500 and 3000 km; He spectro- 
heliograms go up to 5000 km. 

There is a wide and bewildering diversity between the aspects of different 
kinds of spectroheliograms but a closer investigation shows (Table I) that on all 
spectro- heliograms the following three main structures occur: 


TABLE I. 
Strat Diameter or à £ | at 
Structure characteristic length Life time | Doppler velocities 
fine mottling 1000 km 5 min 20 km/s ? 
coarse mottling 5000— 8000 km 0.5d (?) 
network 50000 km days (?) 0.14 to 1.0 km/s 


These three structures can be seen nicely on a Cat spectroheliogram, but 
it is essential that they appear on all chromospheric pictures, but they may 
appear bright in one line and dark in another; their relative intensities differ 
from line to line and differ also between wing and centre of a line profile. 

The fine mottles, which can be best seen in Ca* occur also in H« but are 
only well visible in the line centre. They do occur in the wings but can hardly 
be discovered between the much intenser coarse structures. If the given average 
life times of the fine mottles is correct one is tempted to identify them with 
the spicules as seen from above. This identification then, leads to the following 
conclusions: a) the spicules occur only above the 1500 km level, since fine 
mottles have not been observed on spectroheliograms referring to the low 
chromosphere; 6) the hot elements of the low chromosphere are the basis of 
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the spicules, a conclusion which is based on the observed intensities of the 
fine mottles in different spectral lines. 

The coarse mottling and the network, formed by these mottles are composed 
of fine mottles. They are related to upward and downward motions in the 
chromosphere. At the 4000km level (wings of Ha) the coarse mottles 
descend with an average velocity of 1.1 km/s with respect to the mean level, 
and the regions between the mottles ascend with about half that velocity. 

This velocity increases with height, as follows from the following Table IT. 


TABLE II. 
Height above SECO (2) 
photosphere 
— 100 km middle strong metal lines | 0.16 km/s 
+ 500 » strong metal lines Od» 
2000 » Hp OLO 
4000 » Ha 1.1 » 


The differences in brightness between the coarse mottles and their sur- 
roundings are perhaps due to a difference of about 200 °K in their excitation 
temperature; the mottles being hotter. An alternative possibility is that the 
microturbulence in the mottles is by about 5 km/s greater than in the sur- 
roundings. 


4. — The chromospheric energy balance and the heating of the corona. 


In Dr. BIERMANN'S lecture it was shown that mechanical energy is trans- 
ported through the lower chromosphere to be dissipated on the way and in 
the corona. If &, is the average turbulent velocity component at a given height, 
the flux of mechanical energy is equal to (30É)c, where © is the velocity of 
sound. So without dissipation of energy &, should increase proportional to 
(pc) 3, till £,& c; at about that level energy dissipation would start at a much 
greater rate. The various observations of the turbulent velocities in the chromo- 
sphere show consistently that E,=2.7 km/s at h= 0; it increases with height 
till 10 km/s at 1500km and 15 km/s between 3000 and 4000 km. So È,=@ 
between 1000 and 2000 km and the question might be posed whether this 
is the reason that fine mottles are not visible on spectroheliograms referring 
to lower chromospheric heights. It is another confirmation of the viewpoint 
that the fine mottles are perhaps due to shock waves in the chromosphere, 
and thus have to be considered as the bases of the spicules. 
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In the table below, the mechanical energy flux is given, as computed with 
the given turbulent velocity components and with the known densities È st 
chromosphere. It is compared with the photospheric radiation flux, which is 
hardly absorbed. The other columns will be explained further in this Secure 
The Table III gives log flux in ergem-?s-!. The arrows show the direction in 
which the flux progresses. 


Table III. 

B Phot. rad. flux) Mechanical flux | Emission of rad. | Heat conduction 

(km) | | x 
3 “ | | 

100 10.8 8.7 | 8.7 | 
1000 10.8 Pelo] | 
4000 10.8 | COIN 6.3 

Transition layer 10.8 5.4 | 4.6 :# 
Corona | 10°58" ye] 4.5 | — 


Although the mechanical flux (3rd column) is much less than the photo- 
spheric radiation flux, it is very important for the understanding of the ehromo- 
spheric structures. In the fourth column the (roughly estimated) emission of 
radiation of the chromosphere is given. These values should be compared 
with those in the 3rd column. The agreement at 100 km is purely accidental: 
at that height a great part of the chromospheric radiation is due to photo- 
excitation and -ionization by photospheric light. That, however, at 4000 km 
the mechanical flux and the line emission are about equal, shows that in the 
medium chromosphere about half of the mechanical flux serves for the heating 
of the chromosphere; the other half is transported further upward and will 
be dissipated in higher levels. (The lines emitted at the 4000 km level are 
mainly excited by collisions). 

At about 5 000 km the chromospheric temperature suddenly increases to very 
high values. This can be understood. The dissipation of energy may be 
assumed to take place in an interval about equal to the scale height; in the 
medium chromosphere the scale height is about 1000km, hence the dissi- 
pation per em? is about 10-2 erg em-#s-1, On the other hand the gas radiates 
away 1.8-10-21 NT * erg em- g-1 (mainly free-free and free-bound transitions of 


hydrogen and helium), and for an assumed temperature of 104°K (not very : 


essential) this value decreases below that of the dissipated energy for 
log N,=9.7. This value of the electron density occurs slightly above 4000 km. 
So, at about that height a steep increase of temperature must set in. 
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Before considering in detail the Z(h) relation above 4000 km, a few 
words on the mechanisms of energy transport and dissipation in the low and 
medium chromosphere. In the low chromosphere we have: 


a) Transport by sound waves: up to about 1500 km. 


Dissipation may occur it two ways: 


b) Dissipation by shock waves: this mechanism seems to start already 
at about 1500 km and produces the fine mottling and the spicules. 


c) Dissipation by Alfvén waves. In a half ionized gas energy will 
be dissipated by the drag of the oscillating plasma on the neutral gas. PID- 
DINGTON estimated that this mechanism would be sufficiently efficient to dis- 
sipate a flux of 10° erg em? s_!. This mechanism can be efficient in the cool 
elements near 4000 km, where these elements are about half ionized. 


5. — The transition layer between chromosphere and corona. 


For the heating of the corona a flux of 10° erg em”? s-1 is available, but 
the energy losses in the form of radiation (mainly metal line radiation below 
100 À) are smaller: only 1045 erg em~* s~?. So the greater part of the incoming 
flux must be lost in another way. There are two mechanisms: 

A part of the energy is lost by the evaporation of high energy particles 
from the corona and leads to a continuous flux of particles from the sun. 
As PICKELNER showed, if the average temperature of the corona would rise 
to above 1.6 :106 °K, the corona would be lost fairly rapidly by evaporation. 
The average temperature is lower, somewhat below 109 °K, but also at this 
temperature there will be a continuous loss. 

The other part of the energy is conducted backward to the chromosphere. 
The T(h) relation in the transition region is mainly determined by the con- 
duction equation 


(1) aF,= Kdh/aT . 


In this transition region the backward conducted energy is finally lost by 
the emission of ultraviolet line radiations. 

The T(h) relation in the transition region can be determined observationally 
by means of radio-observations of the quiet sun. Such observations show 
that the surface brightness of the disk centre, expressed in temperatures, in- 
creases from 5600 °K at a wavelength of 4mm to nearly 109 °K at 10m. 
Since the cm wave radiation comes mainly from the chromosphere and the 
metre waves come from the corona, this shows the increase in temperature 
between these two regions. The centre-limb intensity distribution shows that 
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at 4mm the solar intensity profile is virtually rectangular with no brightness 
difference between centre and limb; at 1 to 3 cm a limb brightening becomes 
perceptible which becomes very important (2 to 3 times the central disk in- 
tensity) at 10 to 20 em. For longer wavelengths the limb brightening decreases 
again, to shift somewhat towards the disk centre at metre waves. This limb 
brightening is essentially an equatorial brightening, at the poles it is absent, 
indicating different T(h) relations for the polar and equatorial parts of the 
corona. 

On the basis of a T(h) curve, recently derived from such radio-data is pos- 
sible to determine the conductive energy flux 7, occurring in the equation (1). 
This flux appears to be of the order 105 erg cm? s-1 in the upper part of 
the transition region, hence, is only slightly smaller that the mechanical flux 
fed into the corona. 

The last problem to be treated here, is what happens to this energy. It 
seems probable that this energy is emitted in the ultra violet. Rocket spectra 
of the sun, obtained at altitudes above 100 km show a wealth of emission 
lines in the range (900+1700) A. It is mostly lines of high ionization po- 
tential; the electron temperatures necessary to produce their state of ionization 
range between 8000 °K (Si I) to 140000 °K (O VI). The strongest line, Ly «, 
is emitted by regions with an electron temperature of about 40000 °K. The 
total energy emitted in these lines will be only slightly greater than the energy 
emitted in Ly x, and will be about 10° erg em? 8-1, hence of the same order 
as the energy conducted backward. The fluxes computed in this section are 
included in the Table III. 
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Solar Disturbances Producing Type II Radio Bursts. 
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Solar radio bursts of type II are characterized by a steady decrease in 
frequency over a period of a few minutes [1]. This has generally been inter- 
preted as due to the passage of an ejected particle stream through the corona 
at a velocity of the order of 500 km/s, exciting plasma oscillations whose fre- 
quency is proportional to Ni. 

By combining the measured frequency (and so the electron concentration) 
with the coronal electron-height distribution given by the Allen-Baumbach 
formula, the observed frequeney time curve yields the height-time curve and 
thus the velocity. 

The situation is somewhat complicated by the frequent observation of à 
pair of frequencies, presumably the plasma frequency and its second har- 
monic, in type II bursts. On theoretical grounds it is expected that in the 
case of a spherically symmetrical corona these two frequencies will be observed 
only when the source is within about 20° of the centre of the disk; for if 
the source occurs beyond this distance, rays emitted at the fundamental 
plasma frequency will be so refracted in the corona that they will not escape 
towards the earth [2]. 

Type II bursts are relatively infrequent though it is known that they are 
associated with chromospheric flares. During 1956-1957, 15 type II bursts 
were observed by WiLp and his collaborators at days to Dapto during times 
of good solar observation in Sydney. Comparison of records yields the re- 
sults shown in Table I [3]. 

In all cases but one, some form of dark hydrogen activity or ejected matter 
was seen: the exception was a diffusely expanding flare of a type also known 
to eject particle streams. 

The type II bursts associated with limb events showed no harmonic 
structure, and comparisons have been made with the observed prominence 
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height-time plots on the assumption that the emission has been: 1) at the 
fundamental plasma frequency, and 2) at the second harmonic. 


TABLE I. 
4 Number 

Cause di Saga a 
x x | 
Ejected prominence at limb . | 2 
Surge at limb 2 
Disappearing filament (follow Da he Haro on dici 2 
Flare on disk. uy 
Probably flare ; 1 
Probably ejected prominence. 1 

UT REA QE ts à à 15 


The results have been inconclusive, two events favouring the second 
harmonic, three the fundamental. If, as expected, the emitted radiation is 
in fact the second harmonic, this necessitates at least one of the following 
additional assumptions for the three exceptional cases: 


a) the ejected particle stream extended beyond the region in which the 
prominence was observed; this is quite possible, and requires testing with 
longer exposure photographs in future observations; 


b) a lower electron density than given by the Allen-Baumbach formula; 


c) departures from spherical symmetry; this is by no means unex- 
pected since the corona shows a strong structure of bright streamers and dark 
lanes; and therefore possesses considerable density variations. Making use of 
some additional data, it has been found that in general, both fundamental 
and second harmonies are observed in events whose bases lie at distances < 0.8 
of the solar radius from the sun’s centre; one harmonic alone, presumably the 
second, is found in events originating further from the centre of the disk; this 
can be explained only by departures from spherical symmetry. 


The limb prominence observations yield good minimum estimates of ve- 
locities along the trajectories. In the five cases available these were 350, 500, 
= 200, 650 and 250 km/s. These all exceed the velocity of sound in ionized 
hydrogen at 10° °K, which is about 160 km/s. It is also interesting that two 
of the five limb events were surges in the same activity region on a day when 
a number of other surges of velocity below the speed of sound failed to stim- 
ulate type II bursts. 


In summary 1) it can be asserted that particle streams of different origin 
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can stimulate the emission of type II bursts; 2) in all limb events the streams 
have had velocities exceeding that of the sound in the corona; 3) the funda- 
mental plasma frequency escapes from much nearer the limb than expected 
on the basis of a spherically symmetrical corona. 


REFERENCES 


[1] J. P. Win: Aust. Journ. Sci. Res., A 3, 399 (1950). 
[2] J. P. Wixp, J. D. MURRAY and W. C. Rove: Aust. Journ. Phys., 1, 439 (1954). 
[3] R. G. GrovaneLLI and J. A. RoBERTS: Aust. Journ. Phys., 11, 353 (1958). 


1113 


SUPPLEMENTO AL VOLUME XII, SERIE X N. I, 1959 
o 
DEL NUOVO CIMENTO 30 Trimestre 


Flare Surges, Puffs and Type III Bursts. 


R. G. GIOVANELLI 


Commonwealth Scientifie Industrial Research Organization 
Division of Physics - Sydney 


1. — Flare surges. 


During some flares, dark patches of hydrogen can be observed ejected 
from the same activity region with velocities of the order of 50 km/s or more. 
These are known as surges, and at the limb may be traced outwards for per- 
haps 10'km or more. Questions arise as to their mode of origin, direction 
of motion, and physical conditions such as 7, and density. 


11. Relationship between flare and surge [1]. — Cinematograph studies of 
flare surges using an Ha filter show clearly that the surge comes out of the 
flare region itself, and not from some other part of the same spot group. Usually 
the surge can be seen on the disk starting either in contact with or even super- 
imposed on the flare; sometimes there is a gap between flare and surge, though 
the surge moves away from the flare (Fig. 1). Nevertheless, the surge does 
not usually move radially away from the centre of the flare; it may travel 
tangentially. It is found, in fact, that the directions of surges, projected on 
the disk, are initially almost radially away from the nearest major sunspot. 
The surge probably lies in a vertical plane containing the local magnetic field 
direction. However, available observations do not show the line of sight com- 


ponent of the surge velocity, so that we do not know whether a surge follows 
lines of force exactly. | 


About one flare in five is associated with a dark surge on the disk. There 


is no well established connection between the size of a flare and its ability 
to produce a surge, and in fact the very tiniest flares, of area 20-10-5 of the 
sun’s hemisphere, are about as efficient as the largest. 

In many cases the first traced of a surge appears to be the diffuse bright 
expansion of the flare; this can be detected in 80% of events where the flare 
area exceeds 40-10-65 of the sun’s hemisphere, and therefore probably occurs 


1114 


le + 


R. G. GIOVANELLI 


00.32% 9% 


Fig. 1. — Flare-surge of 4-7-1957. Between 0032 and 0033 the flare showed a sudden 
diffuse expansion, which was followed by the ejection of a dark surge away from the 
neighbouring sunspot; this is clearly visible on the photographs at 0042 and 0051. 


Lo 47M528 


Fig. 2. — Flare-surge of 18-5-1956. This flare expanded suddenly between 0129 and 0130. 

A dark surge could be seen in the same position at 0138. In the above photographs 

the link has been given an enhanced exposure with respect to the disk, and the bright 

spike marking the trajectory of the particle streams emitted by the flare, and visible 

on the photographs at 0141 and 0147, was in reality very faint. The hemisphere can 

be seen unobstructed between the spike and the dark surge showing that the outer 
parts of the particle stream are highly transparent. 
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in all flare surges. As a rule, the diffusely expanded part of the flare contracts 
or disappears, and the dark surge follows soon afterwards. 

Study of events on the disk and at the limb shows that the expansion 
of the flare occurs at the initial stages of ejection of a particle stream. The 
bright ejection fades and disappears because it is then highly transparent, 
but the invisible stream continues outwards, and can be detected against the 
black sky background if it crosses the limb (Fig. 2). In the meantime, further 
back along the particle stream, an opaque region developes and moves out- 
wards along the stream, this being the customary dark surge. 


12. Physical conditions in surges. — The physical explanation of these 
changes in appearance is as follows. The transparency of the stream shortly 
after ejection is due to the small number of neutral atoms present, presumably 
because the degree of ionization is high; and this requires a high initial tem- 
perature, probably in excess of 10* °K, but somewhat uncertain as there is 
inadequate knowledge of the density. The development of an opacity at 
any point in this stream indicates an increase in the number of 2-quantum 
atoms present, and this implies an increase in the neutral atom concentration. 
But theory and observation both show that surges expand during ejection, 
whence the neutral atom concentration increases only if T, falls. So 7, 
must be falling where Ha opacities are developing. 

On the other hand, there are a few instances where part of the flare is itself 
ejected, severing contact with the main bulk of the flare. One of these ejections 
occured at a velocity of 350 km/s, and yet increased in brightness during 
flight. This necessitates an increase in temperature so that, in some Cases 
at least, a heating mechanism operates after ejection. 


- 9. — Puffs and type III bursts. 


In a type III burst [2] the frequency decreases rapidly in a few seconds, 
the accepted cause being a disturbance passing through the solar corona at 
a velocity of the order of c/10. 

LOUGHHEAD, RoBERTS and MOCABE [3] found that (60--70) % of type III 
bursts occurred during the lifetimes of flares of apparent area exceeding about 
20-10-* of the sun’s hemisphere, but that rather less than one flare in four 
is associated with a type III burst. This low figure indicates a difference in 
degree or type between various flares. But as over 2 of the bursts are asso- 
ciated with tiny flares of apparent area below 40-107° of the sun’s hemisphere, 
flare size alone is not the determining factor. 

Surges occur about as frequently with flares as do type III bursts; about 
one flare in 4 or 5 produces a surge. In 48 flare surges, type III bursts were 
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found during 29% of the flares, whereas they occurred during only 18% of 
246 flares not observed to be accompanied by surges. This increase is, how- 
ever, not statistically significant. 

Some flare surges appear to be of an explosive character. During a minute 
or so the flare may expand rapidly, ejecting a particle stream as explained 
earlier. Usually, but not always, this expansion or « puff» occurs at the out- 
break of the flare. In other flare surges the initial bright expansion is much 
more diffuse and indefinite, and these are not included here as «puffs». Its 
violent and sudden nature suggests that a puff is the indentifiable flare charac- 
teristic most likely to be associated with type III bursts. A short list of flares 
showing clear, indisputable puffs has been prepared and compared with times 
of type III bursts. The following Table I shows the numbers of puffs with bursts 
occurring within 2 minutes of the time of the puff. 


TABLE I. 
4 | | 
| Flare area (-10-6 hemisphere) | 0—40 > 40 Total 
| Number of flare puffs 14 | 13 27 
| Puffs with type III bursts | Li 7 | 18 


Two-thirds of the puffs are associated with type III bursts, a result of high 
statistical significance. No significance can be attached to the apparent de- 
czease in frequency of association as the flare area increases. 

With one exception, all the above flares produced dark surges on the disk. 
Thus the puffs produce two types of ejection: one a relatively low speed par- 
ticle stream at a velocity of the order of 50 km/s or more, the other a high 
speed disturbance with a velocity of the order of ¢/10. 

It is by no means clear whether puffs are the only type of flare which can 
excite type III bursts; for the majority of flares associated with these bursts 
are too small to be resolved properly on available records. 
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The Observability of Hydromagnetic Phenomena on the Sun. 


K. O. KIEPENHEUER 


Fraunhofer Institut, Freiburg à. Br. 


1. — Introduction. 


One is rather sure today, that most of the variable phenomena observable 
on the sun’s surface are influenced by magnetic fields. For this reason we might 
call them all hydromagnetic phenomena. 

Our knowledge about these phenomena is based exclusively on what we 
can see or measure by means of telescopes in the optical and radio range. 
Tt is the subject of this lecture to give you an idea of the accuracy of obser- 
vations and of their more or less fundamental limitations which are brought 
in by our own atmosphere. If we want to deduce the physical properties of the 
outer layers of the sun, which we can reach optically, such as density, tem- 
perature, turbulent velocity and magnetic field, we have first to obtain a 
spectrum of this very part of the solar atmosphere, which we want to study. 
Until recently the observing programs of this Kind were mostly based on the 
assumption, that the sun’s atmosphere is quite homogeneous and therefore 
a spectrum taken from a region of say 10000 km in diameter will represent 
reasonably the state of things in this part of the sun. But more and, more it 
is found by the observers, almost in all layers of the solar atmosphere, that 
there is no homogeneous or even smooth distribution of density, temperature etc. 
Instead a kind of fibrous structure is found, the dimension of which is of the 
order of the one known since very long in the photosphere called granulation. 
To obtain reliable information about the nature of these structures—which 
altogether build up the solar atmosphere—we have to get spectra of indi- 
vidual structures, the dimensions of which often are only of the order of 1” of are 
or about 750km. In this way the observation of solar hydromagnetic pheno- 
mena will depend and will be disturbed strongly by seeing conditions, which 
unfortunately at day time are much worse than at night, because of the sun’s 
heating effect on our atmosphere. In fact we reach at day time on the average 
only 1/10 of the resolving power obtained in stellar work at night. 


20 - Supplemento al Nuovo Cimento. 
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Before discussing the effect of seeing on the observation of the different 
solar phenomena, here some more general informations about these limitations 


of solar work. 


Seeing (Fig. 1). A good telescope of about 10 em aperture resolves theoretically 
about 1” of are, an objective of 20 cm should give 0’.5. However because of 
scintillation this theoretical resolution will be reached in solar work only during 
a very small fraction of the available observing time. Even on a well sited 
observatory there will be only minutes per day or per week, which permit 
to photograph details of 1” or to follow such details over more than a few 
seconds of time. 

It is noteworthy in this connection that (Figs. 2a, 2b) the best photographs of 
solar granulation obtained by JANSSEN [1] in 1885 at Meudon are still the best 
ones. Their resolution is of the order of 0”.7. Some progress has been made recently 
by several workers in France, England and the States by photographing the 
sun from unmanned ballons some 20 or 30 km above the ground [2]. They 
show a somewhat better resolution. But it is quite clear that it will be extre- 
mely difficult to do basic spectroscopic work from such a ballon. The dimen- 
sions of the spectrograph and the need to hold the sun’s image on the slit with 
an accuracy of the order of 1” during several seconds of time at least will be 
almost prohibitive. The same will be true for the use of artificial satellites in 
this connection. 

To a certain, but rather small extent there is some hope to weaken the 
effect of scintillation by using photoelectric guiding of the telescope. The 
time constant of such a device has to be however very small, of the order 
0.1 second or less. Such methods can be applied only to small regions of the — 
solar disk. | 


2. — Measurements of magnetic fields. 


Only the Zeeman effect of certain suitable Fraunhofer lines has shown to 
give reliable results. For the field of sunspots, which are of the order of 500 
to 3000 gauss visual and photographic methods have been in use for almost 
50 years now. They are based on the line displacement, which is of the order 


AA~ 4.7-10-° H7?~ 1.3-10-°H (À) 


(for the green iron line À 5250) and which allows to measure the spot fields 


with an accuracy of about + 100 ge i 
gauss. This corresponds roughly to 1 
of the line width. 6 fai 


Much more sensitive methods have been developped during recent years 
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ility of chromospheric structures: Ha-filter- 
The smallest details detec- 


the order of 4000 km, in the lower of 1500 km. 


Fig. 1. — The influence of seeing on the visib 
grams taken with bad seeing (top) and good seeing (below). 
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Fig. 2a. — Solar granulation. JANssEn’s best photo (1885) 
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Photograph taken from an unmanned balloon at about 
30 km height. 


Fig. 2b. — Solar granulation. 
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by using photoelectric procedures [3]. They do measure more the polarization 
arising in the wings of a magnetic line, than its displacement. This polari- 
zation p—in the case of the longitudinal effect the two wings show opposite 
circular polarization—will be of the order 

n A4 


poli Eh”, 


where A is the Zeeman displacement, R the residual intensity in the line 
and w its width. Again for the iron line À 5250 one obtains numerically 


p—3-10°H, 


which amounts to about 3%, for a field of 10 gauss. The smallest field still 
detectable will therefore be reached, when the random fluctuations of the 
photocurrent within the time interval ¢ will be of the order AH/H. These 
fluctuations amount at least to VNIN, N being the total number of photo- 
electrons available within the time #. In this way the smallest detectable field 
will depend on the amount of light which is available in the wing of the line 
and on the quantum efficiency 7 of the multipliers used. 
One obtains 


w iL 
H win Cir" = 


where d is the diameter of the spot which scans the solar surface and D is 
the diameter of the objective of the telescope. The result is that for a scanning 
spot of about 1” (geocentric) in diameter and an objective of 20 em only a 
field of 10 to 20 gauss can be detected, when using à time constant of 1s. 
The use of a bigger objective would not help, because than the definition of 
the sun’s image would suffer because of seeing. The measurement of the 
transverse Zeeman effect is unfortunately still less good. So we have to state 
in a general way that there are set quite serious limitations to the measurement 
of magnetic fields on the sun, which let it seem rather unprobable that we will 
able to detect magnetic fields within such small structures as photospheric 
granules, small chromospheric filaments and prominence streamers. 

All results hitherto obtained on magnetic fields outside sunspots relate to 
dimensions of the scanning spot which are large as compared to a granulum. 
The famous magnetograms of H. D. BABCOCK [3] are recorded with about 70", 
some russian magnetograms with 10” to 20". They all are smoothing out the 
fine details of the solar magnetic field. 
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Recently also some work has been started independently in Russia and 
Australia to measure the Zeeman effect of Hx and K, both lines beeing formed 
in the chromosphere. From such measurements the magnetic field in the 
chromosphere will be obtained. 


3. — Review of solar phenomena. 


In the following résumé only a few remarks about solar phenomena will 
be made. Mostly I will deal with the limitations of observation. Some new 
observations still to be carried out will be mentioned. 


Photospheric granulation. As a consequence of the bad visibility and the 
relative short life time of single solar granules but also because of missing efforts 
we have very little good information about the life time of granules, its va- 
riations close to sunspots and in undisturbed regions of the sun. We know 
very little about the structure of a single granule and nothing about its internal 
magnetic field. Very little is known also about the relations between the photo- 
spheric structures and these of the overlaying chromosphere. 


Sunspots. Apart from some important studies of spot spectra very little 
has been done during the last 50 years to obtain better information of the 
visible structure of the sunspot, and this in spite of the fact that almost all 
observatories have equipment to do this kind of work. The following infor- 
mation should have priority. 


How is a young spot developping in an undisturbed region of granulation? 

How develops the magnetic field of such a small spot? 

How the penumbra of a spot is formed and how does it interact with 
the surrounding granulation and the chromospheric structures above? 

How does the spot field penetrate into the surrounding photosphere and 
chromosphere? 

What is the correct shape (fine structure) of the umbral and penumbral 
field of the sunspot and how does it vary with time? 


Especially the last two questions could be answered, by using modern photo- 


electric equipment, which has prooved already very valuable when measuring 
small fields. 


Chromospherie structures (Fig. 3). since a few years we have a wealth of detailed 
direct and also spectroscopic information about the great variety of pheno- 
mena occuring in the solar chromosphere, as there are: small long lived dark 
features like cypress trees, narrowing toward their tops (2000 km in diameter 
and about 4000 km high); spicules which are bright spikes shooting outward, 
very well to be seen on the sun’s limb, hardly detectable on the sun’s surface. 
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Coming closer to a sunspot group, in a « center of activity » the above cypres- 
ses become very much lengthened forming altogether a characteristic pattern 
around the sunspots, which sometime shows a pronounced vortical structure. 
In addition to this structure very long threads appear, connecting often the 
main spots of a bipolar group. All over the active region there are scattered 
like flowers in a lake little bright spots of faculae, which have a long life time. 
In the very vicinity of sunspots the faculae (also called plages) have more à 
surface structure forming bright areas of dimension of the order of 
40000x 20000 km2. Also the flares are part of this picture. 

It is quite possible to obtain good single pictures and also high quality 
spectrograms of these phenomena. But it still needs a great effort to obtain 
complete series of such observations, which tell us something about their 
history. We still are especially far from beeing able to measure the magnetic 
field within these structures. And we are rather certain, that in the active 
areas of the sun’s surface magnetic fields are determining forms and configu- 
rations. More effort should be devoted also to the study of the relations 
between the photospherie and the chromospheric phenomena. Interference 
filters with very narrow bands (A2 < 0.2 A) as beeing developped in Sydney 
will be of great help in this field of research. 


Flares (Fig. 4). Flares are the most violent manifestations of solar activity. 
They are easy to observe, but they come unexpected in time and in location, 
develop often within the fraction of a minute. To get a complete record, of 
a bigger flare as it might occur once a month, one has to record photography- 
cally continuously for a very long time, in order to get a significant record of 
the few important minutes. This is the main difficulty of the study of flares. 
Another problem is, that many things have to be observed simultaneously. 
The region of the sun, where a flare is to be expected has to be scanned, there- 
fore with the spectrograph. This means that a very large amount of recording 
has to be done. Almost nothing is known about the changes of magnetic field 
in or underneath a flare also the study of the relations between a flare and 
the underlaying photosphere has not been done, mostly because for seeing 
difficulties. So in spite of the fact, that the routine observation and classifi- 
cation of flares and their association with sunspots is well developped, we 
have very little observational information about the physical properties of the 
central part of the flare and of the changes in or outside of it which produce it. 

The ejection of chromospheric or photospheric matter, called surge, which 
often occurs close to a flare can be observed very well in Hx and also some- 
time in integrated light. But the observations are not yet detailed enough 
as to show from where exactly and how the surge material is thrown out. 


Prominences, filaments and corona. Prominences and filaments only occur 
in the corona and are even born mostly there. They should.be observed there- 
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fore—at least at the sun’s limb—together with the corona. The observation 
of the corona away from the sun’s limb however is very difficult and is still 
the privilege of two large coronographs only (Sacramento Peak and Pic-du-Midi). 

It would be very important also to obtain direct information about the 
magnetic field of prominences. At least in the vicinity of sunspots, the Zee- 
man effect of Hx should be measurable in a prominence spectrum. And:again, 
changes and accelerations in prominences and in the corona as documented 
so beautifully in recent films from Sacramento Peak should be traced simul- 
taneously in the structures and magnetic fields in the underlaying photo- 
sphere. 

All together the interplay of corona, prominences and the sun’s surface 
is not known at all. Only the simultaneous observation of all the three will 
help to come to a sound physical picture of the outer regions of our sun. 

In general it must be said, that the observations of hydromagnetic pheno- 
mena on the sun available today are still quite insufficient for theoretical work. 
The simultaneous observation of the different aspects of one single solar pheno- 
menon needs a new type of instrumentation as well as a great effort to get 
as continuous records as possible. The new kind of simultaneous observations 
can be carried out only by a few suitable observatories in good climates with 
very good seeing conditions. The interpretations of detailed observations made 
simultaneously at different stations have not prooved to be very efficient. 
The measurement of weak magnetic fields on the sun within small areas as 
well as simultaneous observations of the corona, chromosphere and photosphere 
will be the most important and most difficult parts of this project. 
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The Scattering of Electromagnetic Waves by an Electron Beam. 


H. WILHELMSSON 


Nordic Institute for Theoretical Atomie Physics - Copenhagen (*) 


In recent years a considerably increased interest has been shown with 
regard to problems concerning the scattering of electromagnetic waves. There 
are several reasons for this renewed activity in a field which might be thought 
to have come to an end at the time when the early developments of quantum 
mechanics were made. Not only rapid technical developments, e.9. the in- 
vention of radar and its application to various fields, e.g. astronomy, have 
played an important role, but also, from a theoretical point of view, the analogy 
between the scattering theories in quantum mechanics and classical electro- 
magnetic theory has stimulated the interest. The scattering of waves by re- 
gions containing ionized gas has attracted considerable attention e.g. in con- 
nection with the study of meteor trails. In several cases it is of interest to 
consider the interaction between electromagnetic waves and a stream of par- 
ticles. Such streams appear e.g. in the solar corona and applications of the 
theory are found also in the fields of microwave electronics and thermonuclear 
reactions. 

The following discussion will be devoted to the problem of scattering of 
an obliquely incident plane electromagnetic wave by an electron beam. The 
incident wave is assumed to be linearly polarized, in an arbitrary direction. 
The frequency of the wave is assumed to be of such order that the ions can 
be regarded at rest. The small signal theory is used, è.e. all a.c. quantities 
are considered small compared to the corresponding static ones. We assume 
the beam to be of infinite extent and of cylindrical cross-section. We further 
assume that the d.c. density is constant over the beam cross-section and 
that the dielectrice onstants are different inside and outside the electron 


(*) Now at Chalmers University of Technology, Gothenburg. 
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beam. A static magnetic field is considered in the direction of the beam axis. 
The electrons are treated relativistically and we use a macroscopic point of 


view in our procedure. 


cP ACH) 


incident wave x y 


We assume the axial propagation to be represented by the factor 
exp [j(ot —k,esiny)], where k,=owVwe, is the propagation constant of 
the incident plane wave. Let us further introduce x, «w/v, «the phase con- 
stant» of the beam and k,, the relative space charge wave propagation 
constant defined by k, = 27/4, = @:/vs where A, is the plasmic wave length 
of an infinitely wide beam and © =VNe?/me, the critical angular frequency 
of the beam with an electron density N. 

The equation of motion for the electron 


d 
(1) ay (M) = — e(E + uv XH), 
together with the equation of continuity enables us to calculate the small 
signal alternated current density components corresponding to the alternated 
components of the electric and magnetic fields 
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where &, ni (e/mo)twoH, is the angular cyclotron frequency and H, the strength 
of the axial static magnetic field, 4 = (1 — (03/63))} and 
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Introducing the above expressions for the components of the a.c. current 
density into Maxwell’s equations we find that the equations satisfied by the 
axial components of the electric and magnetic field vectors will be coupled 


1 0 oH, n? a 
Q%0 (2 00 7 (i x Far) US | 


MO CE, n? cs 
FACCE (ue) an, 
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Note that the coupling terms vanish when w, tends to zero or infinity, 
i.e. when there is no static magnetic field present or when there is an infinitely 
strong static magnetic field. Although it is possible to solve these coupled. 
equations exactly we will confine our following discussion to the two cases 
where ©, = 00 and w, = 0. 


4. — The case of a strong axial magnetic field. 


When there is a strong static axial magnetic field present the transversal 
motions of the electrons can be neglected. In this case eq. (2) simply reduces to: 


ks, 
(a, — ky siny)? 


J,= 100 


The solution of the problem for an arbitrarily polarized incident wave is 
obtained by superposition of two special cases ; A) the magnetic, B) the electric 
field. vector of the incident plane wave is perpendicular to the electron beam. 


A) The magnetic field vector of the incident wave perpendicular to the 
electron beam. 
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The boundary conditions to be satisfied at the surface of the beam are that 
the components £., E,, H, and H, vary continuously if we let the point 
of observation move through the basi surface. To be able to satisfy these 
boundary conditions it is necessary that the complete wave solution inside 
the electron beam contains solutions of both the transverse electric and the 
transverse magnetic types. 

Inside the electron beam we then have (omitting the axial propagation 
factor exp [j(wt — k,e sin y)] in the following): 


TM-mode: 
(4) Em = > And n(AsVk? — k2 sin?y 0) cos np, Hire = 
m= 
TE-mode: 
(5) Hit — À Ba (VIS — Ky sin'p 0) sinng, E™ = 0. 


To describe an outgoing scattered wave at infinity we have to use Hankel 
functions outside the electron beam, where we find 


TM-mode: 
(6) Es Sal, H° (k,0 cos y) cos nw , H7=0, 
n=0 
TE-mode: 
(7) He = > Ba H® (k,0 cos y) sin np, E° aes 


The incident plane wave can be expanded in cylindrical co-ordinates so 
that for the assumed polarization: 


(8) E = — A cosy > Enj"In(k.0 Cosy) COS np (&=1, E123. = 2). 
n=0 

À 4 | 
The sor coefficients A,,, A,,, B,, and B,, can now be determined from the 
condition that the sum of the TM and TE mode contributions inside the 
electron beam equals the sum of the TM and TE mode contributions outside 
the beam plus the contribution of the incident plane wave on the beam-surface 

for each of the components E,, E,, H, and H,. 

In this way we find e.g. for ine amplitude "ooomiclenes Ain and Agg 


ai ko kya pe 
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(12) Yi = ak, COS y 


and the coupling coefficient 


We observe that in general the electric vector of the scattered wave has a 
different direction than that of the incident wave. When k, = k, or when y = 0 
it follows that x=0, the current independent part of F, vanishes and the 
expressions for A,, and A,, reduce considerably. In this case we also find 
Pope Bsa 0. 3.0, Do TE modes are excited, and we have 


3 
(13) | Aim = — À cos paf" IATA MAP) —JI(Ay) HY (MY), 


de n In(Acy) I nly) = AoynlT )] n( Aoy) : 
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where 


y = kacosy. 


The case B) when the electric field vector of the incident plane wave is 
perpendicular to the electron beam can be calculated in the same way. It 
leads to the result that in general there is an alternated current density in the 
beam direction although we have no axial component of the electric vector of 
the incident plane wave. For this polarization, if k, =k) and y= 0 there is no 
interaction between the incident plane wave and the electron beam. 
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9. — The case of no static magnetic field. 


We now want to compare the solution for the case when there is no statistic 
magnetic field present with the case of an infinitely strong magnetic field. 
It is convenient to make use of the following notations: 


ki. 
15 2 — qb — Le 
Ai, di (a, — k, sin yp)?’ 
2 
(16) pato Kool 


L'ALA) TT, ki sin y) ; 


The effective dielectric constants in Maxwell’s equations can accordingly 
be written: 
(17) e, = M6, 


(17a) eyes hé 


Let us further introduce the notations 


(18) 2 Te ee Bee 
aj k, sin y(«, — k, sin y) 
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(19) 7° = ke |1—|—-] n| — ky sin? y 


For the case A) when the magnetic field vector of the incident plane wave 
is perpendicular to the electron beam we find the wave solutions inside the 
electron beam (0 < a): 


TM-mode: 
(20) EN = Y Arndn(90) cos np HM ==) 
n=0 
TE-mode: 
(21) HM — > B;,1J,(q0) sin np Et & 0 
n=0 < ‘ 


Outside the electron beam (0> a): 


TM-mode: 


22 M + 
) E = S AsnH®(k, cos y) cos np H°—0. 


n=0 
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TE-mode: 
co 
(23( H® = Y B,, HY (ko cos y) sin np (E° = 0). 
n=0 


We now find the following expressions for the A,, and A», amplitude co- 
efficients 


(24) Aig = — A COS Wen)” 


21 ‘3 K2[1 — (0./0)?] — kî(sin? y + È cos? y) 1 
SY q? h k,a 


Li 
n. (40), te 


(25) Ain A C08 PEN" * 


2 


fsi k[1— (wo. Jo] — Resin? y + § cos vw) 1 ge, ya] LL. LAVO) 
Val g pa ES) LB gog) 
where 
Z,k 7 
7, ke, I A27,(qa)H? (ys) — JA (ga) (ys) 
(26) (Ln) kè[1 à Î 7] kè(sin? y + € cos? y) 1 2 
2 i. i 0) = 1 2 2 
tgy °° ua #2 nJg qe) HE) 
q kya 
Kè[1 — (w./@)?] — ky 1 
aes ; ) "a nJ,(ga)H® (yx) 
Zo ko Yi 407! (2) av 
Zi ki qa AJ (qa) An (ys) — In(qa)Hn (Ys) 


It is interesting to compare these results with the corresponding expres- 
sions in the case of a strong axial magnetic field. In that case we noticed that 
there were no TE-modes excited when k,=k. The above formulae show 
that this is not true when there is no magnetic field present. TE-modes will 
then always be excited in addition to the TM-modes for this polarization even 
if k, =k), with the exception of a perpendicular incidence. When there is 
no axial magnetic field the coupling factor corresponding to x can (for non 
relativistic velocities) be written: 


ki — kill — (0-/0)?] 


9 = 
(27) ò È 


gw. 
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Magnetic Field in the Solar System. 


TA GOLD 
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The following types of observation give us information about the magnetic 
field near the sun and near the earth: 
Coronal shapes, 
Zeeman measurements of the photosphere, 
Magnetic storm effects, 
Cosmie rays increases and decreases. 

The importance of magnetohydrodynamies for stellar phenomena arises 
from the large magnitude of the product (conductivity) x (linear dimensions); 
it is impossible to approach the same magnitude in laboratory experiments. 

The equation governing the behaviour of the magnetic field is 


| 8 
~ 


= curl VA B+ ie V:B, 
uo 


if we neglect space-charge convection, displacement currents, and (v/e?) terms. 
If the dimensions of the system are of order L, and velocities of order v, the 
times characterizing change due to the first term (which describes convection 


of the field) 7 and due to the second term (which describes dissipation) 7, 
are given by 


L 
T= 


+= Luo. 
We may define a «magnetic Reynolds number» R, by the equation 


Ry =; = Vic. 


The value of 7 for sun’s magnetic field is about 10” years; that for a 
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sunspot about 105 years. Hence the effect of dissipation may be ignored in 
comparison with the convection of the field which occurs in much shorter 
times. 


We now consider the chromosphere. The equation of motion is 


dV ai 
rane? og — grad LA 


The processes that take place must be the consequences of the motions 
of the base points of the lines of force. These motions are dictated by the 
massive photosphere convection and no chromospheric effect can react back 
on that significantly. 

The pressure appears to be small compared with the magnetic field so that 
the magnetic field must take up nearly force-free configurations. A large flare 
in the chromosphere releases about 10* ergs; this can come only from the 
magnetic field since all other forms of energy amount to only 10? ergs. It 
is proposed that this energy is released by instability of a horse-shoe shaped 
configuration of magnetic field lines induced, by twisting of these lines at the 
base. This is a mechanism for transferring energy from the photosphere into 
the chromosphere. The magnetic fields are of order 100 gauss. 


We now consider the corona. Although the temperature is high, the 
density is so low that the pressure is of the same order as or smaller than 
that of the magnetic field. One observes the long lived structure of the corona 
and the magnetohydrostatic interpretation of that has to be pursued first. 
The conducting gas is free to move only along the field lines. Hence we may 
imagine the gas as being contained in a large number of separate tubes, 
following the field lines in shape. In each of these tubes, the barometric equa- 
tion will be satisfied, so that we may relate the density to radial height. 
However, we must expect the density to vary from tube to tube, due to patch- 
iness of the chromosphere. We now see that such fluctuations at the chromo- 
sphere will give rise to a filamentary structure of the corona, as typified by 
the polar plumes. 


We now have to justify the use of magnetohydrostatics, where 
a" 
og — grad P pae 04 


The convective and dissipative terms in the equation determining the time 
variation of the magnetic field are equal if 
R, = vLuo =1. 


With values of L, u and o appropriate to the corona, this equality leads to 
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v—10-5cem/s. Hence for velocities of interest, the dissipative term may be 
ignored. Now consider the ratio of the magnetic force 


2 
dene Ba 
IT) L 


Sle 


and the inertial acceleration term 


dv y? 
0 dt 0 L È 


These are equal in magnitude if B=10-!" Oe. Hence in our problem, since 
the field strength is much larger than this value, the inertial term may be 
ignored for a wide range of velocities; that is, the problem may be treated 
as one of statics rather than dynamics. 

Let us now consider changes in configuration of the magnetic field lines 
which will arise if the gas pressure becomes significant. If one injects a mass 
of non-magnetized gas, this will be ejected by the pressure of the magnetic 
field, since the magnetic field is not linked with this mass. However, if the 
mass is originally magnetized, it cannot part company with its original lines 
of force. The thermal pressure of the gas will tend to lengthen the lines, but 
this in turn will increase the magnetic energy. The equilibrium configuration 
is that which minimizes H,-+H#,. This equilibrium will be stable only if the 
minimum is an absolute minimum. 

We have already seen that one type of instability arises when the gas is 
completely non-magnetized. If the gas is weakly magnetized, it will be buoyant, 
rising through the region of strong magnetic field, but only to a certain height 
since it is elastically anchored by its field lines. The resulting configuration 
resembles the rupture of a muscular tissue. It is clear that magnetic pressure 
will vary widely over the corona, as does the gas pressure. 

We shall now proceed to consider the configuration of the magnetic field 
in the space between the sun and the earth. We have obtained important 
information from the large increase in cosmic ray flux which was associated 
with the solar flare of 23 February 1956. Cosmic rays were received in the 
(1-10) GeV range at 200 times the normal flux. The anomalous flux exhibited 
a very sharp commencement, followed by a gradual decay over several hours. 
In the first few minutes it was sharply directional, coming from the Sun; the 
highest energies arrived first. After fifteen minutes, cosmic rays were arriving 
from other directions; after 30 minutes the directions were isotropic. It there- 
fore appears that, in the solar system there was a magnetic field strong enough 
to deflect high-energy particles. The Sharp onset of a cosmic ray flux indi- 
cates either that the space between the sun and the earth was field free, or 
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that the magnetic field lines were parallel to the radius vector from the sun 
to the earth. It is unreasonable to assume that the space was originally field 
free, since we are led to believe that, in the later phase, there was a strong 
field. We must therefore suppose that there is a magnetic field, of strength 
at least 10-5 gauss, which does not impede the early radial flow of particles, 
but which forms a closed system for the particles, filling up in about half an 
hour. Masses of gas thrown out by the sun will carry their original magnetic 
fields with them and the outburst will thus tend to take up an elongated shape 
like a tongue protruding ultimately out beyond the earth. The associated 
magnetic field would not be strong enough to impede the early radial flow, 
but would form a closed container which would later provide for the diffusion 
of the cosmic ray particles. 

Since gas emitted from the sun seems to arrive at the earth every few days 
it is likely that the earth spends a large amount of time within solar gas, and 
hence within solar magnetic fields of such elongated shape. It is incompatible 
with observation to assume the existence of a co-rotating field at the earth’s 
distance. However, if the tongues are thrown out rapidly they will have small 
angular momentum so that the field which they carry with them will not have 
the angular velocity of the sun. 

It would appear, from the above outline, that particles from a solar flare 
will be emitted along only a small solid angle from the sun, since the surface 
magnetic intensity of 1 gauss is sufficient to localize particles of the GeV range 
to within 100 km. The chance of any reaching the earth would then appear 
to be much too small. This objection may be overcome by supposing that 
particles originally stored in the flare expand over a large region, forming an 
outburst. This part of the procedure may also account for the time delay 
which is observed between the flare and the time the particles may be com- 
puted to have set out. 

We may note an important corollary of the above theory. If the magnetic 
field of the «tongue » can trap particles inside it, it can also keep particles 
outside. Hence if the earth finds itself in such a « magnetic » bottle, we should 
observe a decrease in the intensity of cosmic rays (other than those coming 
from the sun). In fact, such decreases are observed to be associated with flares, 
and call for field strengths of about 10~‘ gauss for periods of about two days. 
Such a decrease preceded the sudden increase of solar-particle flux, and there 
is thus reason to suppose that the field configuration existed at the time. 

We now pass to the discussion of magnetic storms. 

A remarkable feature of magnetic storms is the very sudden commencement 
which is observed simultaneously all over the world, although the subsequent 
development of the storm varies greatly in detail from place to place. The 
initial pulse is only two minutes in length although the gas may have taken 
two days to stream from the sun to the earth. This strongly suggests that the 
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gas sets up a shock wave since this is the only way for a sharp front to 
be maintained. The two minute rise time of the signal would correspond to 
a front of only 100000 km thickness. If the gas were non-magnetized, the 
width of the shock front would be much larger than that, since the shock- 
front width is normally a small multiple of the mean free path. However, if 
the interplanetary gas is permeated by a magnetic field, the shock-front will 
be magnetohydrodynamic in properties; we find that a field strength of about 
10-5 gauss is sufficient to explain the observed shock width. This is therefore 
a further argument in favour of the existence of interplanetary fields. 

The mean behaviour of magnetic storms has been explained by CHAPMAN 
and FERRARO in terms of a ring current encircling the earth at five earth’s 
radii. However, there are very large differences between the observations of 
different stations, which indicate a scale of (1000 +500) km to field fluctuations 
on the ground. This one may imagine to be produced by instabilities causing 
a break-up of the original stream, but it is clear that such variations cannot 
be attributed to a source five earth’s radii out. If one is to ascribe storm 
characteristics to currents, there must be strong currents near the earth’s 
surface: the hypothesis of a ring current far out is then redundant. 

On the other hand, it is physically reasonable to assume currents to flow 
at a height of (500 1000) km, the height indicated by the scale of fluctua- 
tions, the currents may then easily be supported by atmospheric pressure 
since the current exerts a pressure of only ~ 10-° dynes/cm?. We may suppose 
that the magnetic disturbances of the earth are similar to those of the solar 
corona, namely magnetohydrostatic extensions. It then follows that the « ex- 
cited states » can correspond to a reduction of field strength at the surface of 
the earth only, but not to an increase. This in accord with the observations. 

We may also mention van Allen’s observations on aurorae, which indicate 
an incoming flux of (10--100) keV electrons of about 1 erg/em?s for a light 
aurora. (The observed X-ray flux could not be ascribed to protons, since 
the required proton flux would be much higher than that existing at the sun.) 
Such low-energy electrons cannot have entered along individual « Stérmer » 
orbits. They must therefore have entered the earth’s atmosphere in association 
with a magnetic field, namely that part of the sun’s magnetic field with which 
the particles were originally associated. 

Tongues of this must have penetrated into the region of the earth’s field. 
The solar stream must have broken up in some unstable fashion, and this is 
in accord with the patchy nature of the magnetic and auroral effects. This 
unstable flow may then account for the ability of the gas to penetrate much 
closer to the earth than was indicated by calculations that considered the field 
to be stable. 

Recently vAN ALLEN has detected a phenomenon by means of the « Ex- 
plorer » satellites, which requires a similar explanation as the auroral obser- 
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vations referred to. A flow of electrons of some tens of keV energy appears 
to penetrate frequently down to a height of 1000 km, and again this can 
occur only if in places the earth’s field has been completely changed above this 
level. Such particles may of course enter along any tongues of solar material 
carrying fields sketched out from the solar surface. Any flux of such electrons 
that is generated on the solar surface would always populate all lines of force 
coming from there and therefore this observation may be taken to indicate 
the magnetic configurations that exist in the earth-sun space and near the 
earth. 


INTE RVENTIÉE DISCUSSIONI 


— V. FERRARO: 


Professor GoLp has failed to mention an important characteristic of magnetic 
storms, namely, the fact that the horizontal force remains above the mean of the field 
after the sudden commencement for some hours before the main phase begins. This 
part of the storm is known as the first phase. Moreover, whilst I agree that an inter- 
planetary shock wave could not exist in the absence of a magnetic field because of 
the extremely long free paths in interplanetary space, we have little detailed knowledge 
of the structure of a pure magnetic shock wave. It would be of interest to know, 
therefore, how GoLp arrives at the conclusion that a field of 10-65 G would be sufficient 
to set up an interplanetary shock wave. 
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The cosmic rays of interest to nuclear physicists are mainly secondary 
cosmic rays—exotic mesons, ete.—produced in our atmosphere. The cosmic 
rays to be discussed in this lecture will be exclusively primary cosmic rays; 
i.e. those found outside our atmosphere, or better, outside the solar system. 
These primary cosmic rays are very energetic ions that almost surely are con- 
fined to our galaxy by magnetic fields and are accelerated either in the atmos- 
pheres of stars or in interstellar space by varying electromagnetic fields. 
Thus their production and storage touch on problems of interest in thermo- 
nuclear work. In addition, for reasons in part pointed out in earlier lectures 
by Professor VAN DE HULST, the study of primary cosmic rays provides a 
means of getting some interesting astronomical data. Finally, cosmic rays 
form an important—and occasionally neglected—element in astronomical prob- 
lems. This lecture will present a brief summary of some of these topics. 

As an introduction, we need a summary of some of the important observed 
properties of cosmic rays: 


A) Energy density. The energy density just outside the atmosphere in 
particles with kinetic energies per nucleon greater than about 10° eV is very 
nearly 1 eV/em*=1.6-10-™ erg/em®. This is approximately the energy density 
in star light outside the solar system. 


B) Isotropy. Except for effects due to the earth’s atmosphere and mag- 
netic field, or perhaps due to interplanetary magnetic fields, cosmic rays are 
observed to be isotropic to within limits that essentially do not exceed the 
Statistical uncertainties. These limits are, roughly, a variation with direction 
of 107*° at 4-10°eV, of 10-** at 10% eV, and of 10-1 at 10-17eV. Also the 
intensity does not seem to have varied much in time for at least 104 years, 
and there is some evidence for extending this to 10° years. 


0) This work was done while a Guest Professor at the Max-Planck-Institut für 
Physik, Géttingen. 
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C) Distribution over the elements. 1) Li, Be, and B are very much 
more abundant in cosmic radiation than in the sun or other stars. 2) Other 
elements appear to have about the same relative abundances in cosmic rays 
as in the galaxy as a whole except that there is a strong indication that there 
is some excess of heavy elements in cosmic radiation. A very rough review 
of the trend is given by the statement that the overabundance in cosmic 
radiation is by the factor A", where A is the atomic weight and n probably 
lies in or near the range 4 to 1. 3) Very few if any primary electrons are found. 
by cosmie ray techniques. The density of highly energetic electrons observed 
in radio astronomy is much less than the density of protons in cosmic radiation. 


D) Energy spectrum. Particles with kinetic energies running from à bit 
below 10° eV per nucleon to 101$ or 10!° eV are observed in cosmic radiation. 
Large numbers of particles with lower energies are known to be present in the 
solar system, but they are not observed by cosmic ray techniques and usually 
are not classed as cosmic rays. If w is the total energy (rest energy plus 
kinetic energy), the distribution of cosmic rays over energy is given by the 
well known power law 

N(> uv) = Nw”. 


where the left-hand side is the number of particles per unit area, time, and 
solid angle arriving at the solar system with energies greater than w, N, and 
y are constants, y & 1.6 if 10° < w < 1055 eV and y & 2 at 101eV. The 
spectrum appears to be quite smooth and to have roughly the same y for all 
elements if w is now interpreted as energy per nucleon. 


Before considering the implications of these observations, a brief discussion 
of the most probable acceleration mechanisms is necessary. The problem is 
to accelerate particles from some 10? eV, which they have in the thermal 
motions of the solar corona and many other places, to 10° eV where they are 
observed as cosmic rays, and to carry a few particles on to 10% or 10” eV. 
It is convenient to treat the low and high energy parts of this separately, 
calling the former injection and the second acceleration. Both the shape of 
the energy spectrum at low energies and the theory of some acceleration mecha- 
nisms suggests that the dividing line between the two regimes be put at about 
108 or 10° eV per nucleon; that is, at the point where the particles become 
relativistic. But it may turn out that the proper dividing line could be at, 
say, 10! eV. It is of, course, quite possible that in fact the acceleration from 
10° eV to 10! eV is produced by a single mechanism operating in a single 
region. The division into two processes is suggested by the fact that it will 
be exceedingly difficult to devise any process that accelerates particles in the 
102 to 106eV range in interstellar space, and it seems very difficult to con- 
fine a 10! eV proton to a region as small as à star during the last stages of 
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its acceleration. With this separation, injection takes place from stars and 
must have properties that account for the overabundance of heavy elements. 
The subsequent acceleration takes place in interstellar space and should have 
properties that account for the power-law energy-spectrum. 

It seems certain that injection and acceleration are produced by electro- 
magnetic forces on a macroscopic scale. All mechanisms that are seriously 
considered at present are variations of two main types. One, occasionally called 
the Cygnetron, and first proposed, I believe, by SWANN is a betatron process 
in which charged particles are carried steadily from thermal to relativistic 
energies by a continuously increasing magnetie field, as in a sun spot. Although 
circuits having very high electromotive forces are easy to find, ions will have 
big enough gyro-radii to gain significant amounts of energy only near the 
zeros in the magnetic field. Thus it seems difficult to deflect a large enough 
fraction of the magnetic energy into cosmic rays. Also, since this mechanism 
accelerates all ions in the region in question, the density must be very low 
or when the available energy is divided among the ions, none of them will 
be relativistic. The other accelerating mechanism is the Fermi statistical 
mechanism. Here, ions interact with varying magnetic fields, sometimes losing 
energy and sometimes gaining. In some variations one can think of the ions 
as colliding with clouds containing magnetic fields, but there are many other 
variations, some involving betatron processes. Often there is a steady average 
gain in energy and always there is a random walk in energy, since some par- 
ticles will, by chance, gain more energy than the average and others will lose 
more. A more thorough discussion of these points will be found in the pro- 
ceedings of the IUPAP Cosmic Ray Conference, Varenna, 1957 (Supplemento n. 2 
al Vol. 8 (1958) del Nuovo Cimento). 

In general, one gets a result of the form 


(1) F(y) = t/Btr, 


where t, is the time for a single interaction of the cosmic ray particles with 
the changing magnetic field, cf, is the mean speed of the random motions of 
the gas clouds, and dt/r is the probability that in a time dt the cosmic ray 
will escape from the region where it is being accelerated. F(y) is some simple 
function of y that makes y near 2, as required by observation, when the right 


hand side of (1) is near 1 or 2, or, in a few particularly efficent modifications 


of the Fermi mechanism, is about 30. 

Consider now some of the implications of the observed properties of cosmic 
rays. A variety of arguments so convincing that it does not seem worth while 
to review them seem to exclude the possibility that cosmic rays are uniformly 


distributed through the universe or are confined to the solar system. This 
leaves us a galactic problem. 
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From points A and B (energy density and isotropy) we get the familiar 
arguments for storage. If cosmic rays move in straight lines, as does star- 
light, and have the same energy density as starlight, then the power supplies 
to each will have to be the same. There seems no conceivable way to find 
this much energy for cosmie radiation. Also some anisotropy related to the 
structure of the galaxy should be observable. But if cosmic ray trajectories 
are strongly curved on a galactic scale, each particle can stay in the disk for 
104 times as long as starlight and the power supply need be only 10-4 as great. 
Thus if 10-4 of the thermal energy produced in the stars can be converted 
first to mechanical energy and then to cosmic ray energy, it will be enough. 
This seems a very high efficiency for the conversion of heat into particle energy 
in apparatus that is just thrown together and is not engineered for this spe- 
cific purpose, but it is not an impossible efficiency. Still, the power required 
is so large that no uncommon processes can be involved. 

To store the particles, we must deflect them without loss of energy. This 
requires magnetic fields and seems to me to be a very strong argument for the 
e xistence of galactic magnetic fields. ; 

Any storage process of this kind reduces the anisotropy, but the observed 
nearly complete isotropy puts rather narrow limits on the possible storage 
mechanisms. Until recently storage in the disk or a spiral arm of the galaxy 
was favored; but now that cosmic ray physicists have learned of the existence 
of the galactic halo, it seems to be a much better place. Otherwise it is dif- 
ficult to store 1017 eV protons (with radii of curvature of 35 light years in a 
10-5 gauss field) for long enough times or to make them isotropic enough. 

It is of interest to note that the pressure corresponding to a cosmic ray 
energy density of the order of 1 eV/cm? is the same as that involved in a 
magnetic field of 0.7-10~° gauss or a gas with nT = 104 °K particles/cm*. Thus 
the cosmic ray and magnetic pressures are large compared with the ordinary 
gas pressure, for which Professor VAN DE HuLST gave us the typical value 
nT =102. The cosmic ray pressure can be safely ignored, as it so often is, a8 
long as the cosmic ray density is uniform and there is no corresponding pres- 
sure gradient. But when one comes to the boundaries of the cosmic ray storega 
region, their pressure can no longer be ignored. 

It has been argued that the Fermi mechanism in unlikely since even if 
astronomical conditions can be found for which the right hand side of (1) 
is not large, it would require an unlikely coincidence for three unrelated para- 
meters to combine to give a value that is so near unity. This argument fails 
if the acceleration of cosmic rays is an important damping mechanism for 
the gas motions, as suggested by the large fraction of the energy of the gas 
motions converted into cosmic rays. Then only values of y near unity give 
the right amount of damping. With larger values of y, there is not much 
damping and B, increases. 
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The kinds of gas motion that accelerate particles by the Fermi process 
also produce anisotropy since they tend to make the particle velocities parallel 
to the magnetic field. To allow acceleration to continue, it is necessary that 
some scattering process maintain the isotropy. Hence the importance to 
cosmic ray physics of yesterday’s discussion of the microstructure of hydro- 
magnetic shock waves. 

Now let us turn to 0 1) (abundances of Li, Be, and B). The storage time 
is limited to the time in which nuclear encounters between cosmic rays heavier 
than boron and interstellar hydrogen will produce the observed amounts of 
Li, Be, and B. There is some dispute about the interpretation of the obser- 
vations, but it seems most likely that storage in a spiral arm would have to 
be for t & 5:106 years and that storage in the halo (provided the density is 
less than 10-3 particles/em*) is for 5-10° years, or the life of the galaxy. The 
energy supply problem seems at first glance about the same in either case. 
With storage in the halo one has 10° times as long to pile up cosmic rays but 
must fill 10% times the volume. However, Professor BIERMANN, in our dis- 
cussions of this problem in Géttingen, has pointed out that with storage for 
5:10° years, it is entirely possible that most cosmic rays were accelerated early 
in the evolution of the galaxy, when there might have been more activity 
in the galaxy than at present. Consideration of several lines of argument, 
including the observed number of white dwarfs, suggests that this may indeed 
be the case and that, because of the increased energy supply thus available, 
it is necessary to divert perhaps only an order of magnitude less than 1074 
of the thermal energy to cosmic rays. 

From C2) (the abundances of the heavier elements) one concludes either 
that the injection processes favors heavier ions or that cosmic rays originate 
somewhere where heavy elements are more abundant than in the solar system. 
The larger gyro-radii and greater persistence of velocity of heavy ions, parti- 
cularly when only partly ionized, seems likely to favor their injection since 
they will have a better chance of escaping from the crowd of ordinary gas 
ions and getting super-thermal velocities. If one looks for a region where 
heavy elements, in particular iron, are over-abundant, one thinks first of super- 
novae since one of the most acceptable modern theories of the origin of the 
elements holds that iron is produced in supernovae. Since we know that the 
supernova that made the Crab nebula produced many highly-relativistic elec- 
trons, the proposal that cosmic rays come from supernovae has recently seemed 
very attractive. But this does not explain the power-law energy spectrum and 
seems to require the conversion of an unreasonably large fraction of the total 
energy available into cosmic rays. 

The conclusions drawn from D (power-law energy spectrum) fall into one 
af two groups. Perhaps the most popular school holds that the Fermi mecha- 
nism encounters too many difficulties when examined quantitatively. As in 
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all theories, it is difficult to get enough power, but in addition it is difficult 
to get enough power into hydromagnetic waves or turbulence with scales as 
short as 1 to 1016. yrs. Hence it is felt that the power law is probably only 
an approximate and largely accidental spectrum. The other school feels that 
the Fermi mechanism is too attractive to abandon and hence devotes its 
efforts to finding more efficient modifications and to looking for regions where 
conditions are particularly favorable. There is not enough time today to survey 
all the various possibilities, but some points can be made. First, to get the 
power law, we need storage for a time that is independent of energy and of 
atomic weight. This seems to me to require a relatively uniform magnetic 
field with diffusion only along the field lines. Thus if storage is in the disk, 
it should be in a spiral arm and the magnetic field should run along the spiral 
arm. Second, storage in the halo with no escape or loss due to nuclear col- 
lisions will not give the power law. Hence it is necessary to assume accele- 
ration in a limited subregion out of which there is fairly rapid diffusion. In 
our discussions of this problem, Professor BIERMANN has suggested that this 
region might be the core, the central 3 kpc, of the galaxy during the early 
stages of its evolution. One would expect that at that time a great deal of 
gas would still remain and that there would be many hot young stars. It 
would be plausible to assume fairly large magnetic fields disturbed by vigorous 
hydromagnetic waves and shocks. The stars should be close together so that 
the wave lengths would be small. Thus conditions would be much more 
favorable for the Fermi mechanism than any that can be found at present. 

It seems very attractive, then, to consider a model in which most of the 
cosmic rays were accelerated in the early stages of the evolution of the galaxy. 
Acceleration would take place in a limited region such as the core, out of 
which particles would diffuse with a time constant independent of energy and 
atomic number. The energy supply to cosmic rays would be an important 
drain on the hydromagnetie waves, and hence one would get the energy 
spectrum. The cosmic rays would then be stored in the halo, the cosmic ray 
pressure being important to the structure of the halo. All of these details, 
and many others, will have to be worked out quantitatively before this model 
can be accepted. It appears that many of these details will be of considerable 
interest in other fields of astronomy and in thermonuclear research, since the 
relatively efficient acceleration of particles to highly super-thermal energies is 
not an exclusively cosmic ray problem. 


The author is greatly indebted to the National Science Foundation for a 


Fellowship and to the Fulbright Commission for a Travel Grant which made 
it possible to prepare this survey. 
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In this discussion we shall treat some theoretical aspects of plasma physics 
in connection with controlled fusion. The emphasis is on special problems 
which have been dealt with by the Géttingen group, such as the confinement 
of a plasma by magnetic fields; however, many aspects such as heating mecha- 
nisms are not discussed in this paper. 

To confine a plasma by magnetic fields for a sufficient time one must con- 
sider three problems. Firstly, for stationary conditions there must be magneto- 
hydrostatic equilibrium which means an equilibrium configuration between the 
gas pressure and the pressure exerted by the magnetic fields. Secondly, this 
state of equilibrium must be stable against perturbations, otherwise the con- 
figuration will not be maintained for a finite time. Thirdly, it is essential that 
the configuration of the magnetic fields is of such a form that the individual 
charged particles do not escape from the volume enclosed by the magnetic 
fields. The first two problems can be treated by describing the plasma macro- 
scopically as a fluid. For the third problem one must study the microscopic 
picture of the individual trajectories of the particles. 


1. — Magnetohydrostatie equilibrium. 
Here we are dealing with the magnetohydrostatic equation 
(i x 
) grad p + B xcurlB — 0. 


If this condition is not fulfilled it will become apparent in an approximate 
time taken by a pressure wave to traverse the plasma. This is usually of the 
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order of microseconds. On the other hand, the quasi-stationary condition must 
hold for a time of the order of seconds. From equation (1) it follows that 
the magnetic field B and the current density j (which is proportional to curl B) 
lie in the surfaces p = constant, where p is the gas pressure. 

Let us first assume for simplicity that we are dealing only with surface 
currents. This current is then given by a change in the magnetic field intensity, 
from the outside to the inside, of: 


; e 

(2) j=qnX(B.-B), 

and the pressure by 

(3) D (PRE) 
St at sgh 


where it is assumed that the pressure outside the plasma is zero. B, and B; 
are the external and internal field intensities, respectively, at the surface, and 
n is the unit vector normal to this surface. 

Let us further assume that the magnetic field B; inside the plasma is zero. 
From equation (3) it. follows that B, and j must be constant over the whole 
surface of the plasma. We are mainly interested in toroidal plasmas, and in 
this case it can be shown that the magnetic fields produced by surface currents 
have only approximately these properties. 

Let us discuss a simple example. If we start with cylindrical geometry 
which has only a surface current in the direction of the axis of symmetry, 
and an azimuthal magnetic field, the conditions for equilibrium are readily 
fulfilled. But if one now forms a torus from this cylinder, the magnetic lines 
of force on the inner side are more dense and the magnetic pressure is there- 
fore greater than on the outer side, and there is now no real equilibrium. 
But by applying an external magnetic field it is possible to reduce the field 
on the inner side and increase it on the outer side. To a first order a homo- 
geneous field parallel to the axis of symmetry fulfils this requirement. 

The exact solution of this problem for azimuthal surface currents is given 
by BIERMANN, HAIN, J ORGENS, and the author. The treatment is based upon 
the potential theory where the magnetic field is defined by a potential func- 
tion g, with B = grad g. There is a complication, however, in that there is 
not one boundary condition as for ordinary potential theory, but two due to 
the fact that the normal component of the magnetic field must vanish at the 
surface of the plasma and in addition there is the tangential component given 
by the pressure and by the value of B;. 

More generally, KiPpPENHAHN has investigated the question: for what kind 
of surfaces is it possible to fulfil the conditions of equilibrium? He showed 
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that the necessary and sufficient condition for an equilibrium configuration 
is that the surface is of a form that it can be covered with a network of curves 
which have equal distances and no singularities, provided B, is zero (if B, is 
not zero, the curves are not necessarily equidistant). For instance, it is not 
possible to cover a sphere with such curves without singularities, and there- 
fore a sphere cannot be an equilibrium configuration. This holds for all sur- 
faces of singly-connected regions. But for toroidal surfaces it is possible,; for 
instance, an azimuthal surface current of constant intensity forms a network 
of equidistant lines. A network of only meridional lines around a torus of 
circular cross-section does not meet this condition. A surface current having 
both an azimuthal and a meridional component can satisfy Kippenhahn’s 
condition, provided the azimuthal component is sufficiently large that it is 
equal to or greater than zero on the inner side of the torus (*). 


2. — Stability. 
The next problem is to study whether such a configuration is stable against 


perturbations. To investigate the stability, one must use the complete plasma 
equations: 


(4) go” = — grad p+ BxewB, 
(5) of =o dive, 
(6) e APS LL 
dt o dt’ 
(7) È = curl (v xB), 
(8) divB=0. 


where p is the mass density, v the disturbance velocity, and y the ratio of 
the specific heats. It is assumed that the electrical conductivity is infinitely 
large, and that the viscosity and thermal conductivity can be neglected. 

For a number of equilibrium configurations KRUSKAL and SCHWARZSCHILD 
and TAYLOR, have studied the various modes of small perturbations. But 
alternatively one can attempt to find some general criterion for stability 


i ) N ote added in proof. — F. MeYyER and H. N. Scumipr could show that equilibrium 
con igurations without a total azimuthal current exist. But in this case the cross- 
section of the torns depends on the azimuth. 
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without solving explicitly the differential equations. For this purpose an 
energy principle was derived by a group in Princeton and also in Gottingen. 
Briefly, this energy principle is derived in the following manner. 

By assuming that the perturbations are small we can linearize equations (4) 
to (7). On differentiating equation (4) with respect to time and using equa- 
tions (5) to (7) we finally obtain 


Ov x i 
(9) Qo qe = + grad div pow + (y —1) grad(podivv)— 


IL il 
Cai curl (v x B,) x curl By — 3 B, x curl curl (v x By). 


This differential equation determines the perturbation velocity v; the right 
hand side does not depend on the first derivative of v with time, and all co- 
efficients contain only the parameters By, Po, and 0, of the equilibrium con- 
figuration. Since the coefficients are independent of time, it is possible to 
write v in the form 


v= v,(r) exp [iat], 


where v, is a function only of the space variables. The left hand side of equa- 
tion (9) is then equal to — wov,. One important property of this differential 
equation is that it is self-adjoint. Thus «over stability » cannot occur and, 
the configuration is stable when the eigenvalue ©? is positive, and is unstable 
when ©? is negative. 

If now one multiplies (9) by v and integrates over the volume, then the 
integral on the-left hand side is always of the same sign as — «?. Therefore, the 
integral on the right-hand side determines the sign of w?, and hence also the 
stability of the configuration. The problem of stability is reduced to the ex- 
amination of an expression which in effect is equivalent to the potential energy, 
and this is roughly the same procedure as that adopted by the Princeton group. 

Using this form it is possible, for instance, to obtain an estimation of the 
growth-rates of the perturbation in the case of instability, or alternatively in 
certain cases some sufficient conditions for stability. For example, with axial 
symmetry and only meridional fields all configurations are stable if at each 
point the lines of force are convex towards the region of greater pressure. 

In the present investigation several serious assumptions have been made. 
These are as follows: 


a) The perturbations are assumed to be small, and in most experiments 
this is certainly not true. 


b) Obviously in low temperature plasmas, the conductivity cannot be 
assumed to be infinitely great. 
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c) The viscosity and the therm al conductivity have been neglected. But 
in most cases, the mean free path is very large and therefore these parameters 
have an appreciable value, particularly in the direction of the magnetic field. 
It would probably be a much better approximation to assume that they are 
infinitely great in this direction. ° 


d) We have assumed that the pressure is isotropic, but if the charged 
particles spiral around the lines of force and the mean free path is large com- 
pared with the Larmor radius, a better approximation is to assume that the 
velocity distribution and therefore the pressure tensor is isotropic only in the 
plane perpendicular to the lines of force. Therefore, one should introduce the 
different pressures p, and p, along and perpendicular to the magnetic field. 


e) Finally, it should be mentioned that in some cases the problem of 
stability may require a closer examination of the microscopie picture. 


3. — Particle losses. 


For the purposes of studying the loss of individual particles the macro- 
scopic equations cannot be used. It is now necessary to study the separate 
trajectories of the particles (losses due to charge exchange and other such 
mechanisms will not be discussed). 

In this connection the adiabatic in variant theorem of the magnetie moment 
is often useful. The magnetic moment of a particle orbit is given by 


Lmv? 
(10) ti 


and can be considered constant if the magnetic field varies slowly in space 
and time (v, is the velocity component perpendicular to the magnetic field 
and m the mass of the particles). SCHLÜTER and HERTWECK and also KRUSKAL 
have studied to what degree of accuracy this theorem holds. SCHLÜTER and 
HERTWECK showed that the relative change in y, between two different states 
where in each case the field is constant, decreases at least exponentially in 
o/h. Here À represents the relative change in the magnetic field and ©, is 
the gyration frequency. 

For studying the trajectories of the particles any reaction on the magnetic 
field is neglected. One is therefore dealing with the equation of motion of a 
particle of charge Ze and mass m in a magnetic field: 


(11) in ba 26 
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In the axially symmetric case a generalization of the law of conservation of 
angular momentum enables one to draw some conclusions about the motion 
of the particles without solving this equation explicitly. Only the meridional 
component of the magnetic field is important for confining the particles within 
a finite volume. However, it is necessary that the lines of force of the meri- 
dional field must be closed. If the particles have an energy which is not too 
great they will remain within a finite volume whose size can be calculated. 
In the limiting case when v — 0 the particle will not depart by an amount 
greater than the Larmor radius from a closed surface generated by the rotation 
of a meridional line of flux around the axis of symmetry. 

Therefore, the different components of the drift motion arising from the 
meridional and azimuthal magnetic fields do not just add together vectorially, 
and it is indeed possible to prevent the particles from leaving the surface, 
for example, of a toroidal plasma. 
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